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ABSTRACT

Single walled carbon nanotubes (SWCNTs) have unique physical, optical and
electronic properties. Current production methods provide SWCNTs as a polydisperse
mixture, with respect to helicity, diameter and length, and cannot be tuned to yield a
discrete SWCNT isomer. A bottom up approach would yield a single SWCNT, which
would allow for a better understanding of how chemical modification affects a carbon
nanotube’s properties. Synthesis by this route has yet to be accomplished.

Phenylene ethynylene macrocycles were synthesized by a stepwise linear fashion and
cyclooligomerization. These macrocycles are Diels-Alder cycloaddition precursors for
a rational synthesis of a (9,0) SWCNT segment. Additionally, these macrocycles are of
interest due to their highly conjugated two dimensional networks, which gives rise to
high quantum efficiency. Therefore, the optical properties of these macrocycles were
studied in several of solvents.

In addition, a novel reductive imination was examined and used to synthesize a series
of phenylene imine macrocycles. These systems could be precursors towards organic
N-doped SWCNTs by either a hetro-Diels-Alder cycloaddition or pyrrole ring
formation.
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CHAPTER 1: Introduction of Carbon Nanotubes

1.1. Carbon Allotropes
Solid phase allotropic carbon exists in various forms depending on the
hybridization and orientation of the carbon atoms in space. Idealized diamond contains
all sp3 hybridized carbon atoms arranged in a tetrahedral geometry which extends the
crystalline network in three dimensions. The network architecture gives diamond its
hardness (it is one of the hardest materials known), heat conductivity and electrically
insulating properties.

Comparatively, graphite consists entirely of sp2 hybridized

carbons, yielding a two dimensional array.

The hexagonal π-conjugated network

makes graphite soft, opaque and electrically conductive.

n
Diamond Lattice

Graphitic Sheet

Buckminsterfullerene

Figure 1.1. Representative examples of carbon allotropes

Buckminsterfullerenes are three dimensional arrays (spherical or cylindrical)
consisting entirely of sp2 hybridized carbon atoms. Spherical networks, commonly
referred to as fullerenes (i.e. C60), and cylindrical arrays, now known as carbon
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nanotubes (CNTs), have unique properties unlike that of any other allotrope of carbon.
It is this last form, specifically that of CNTs, that will be discussed within this chapter.

1.2. Types of CNTs
1.2.1. Multiwalled and Single Walled CNTs
Speculation of CNTs by Smalley and Dresselhaus came soon after the discovery
of C60 in 1985.1 Iijima was the first to provide evidence by transmission electron
microscopy (TEM) of the existence of CNTs in 1990,2 specifically multiwalled CNTs
(MWCNTs); a series of cylindrical arrays that fit inside one another (Figure 1.2).
These layers have an interlayer separation of ca. 3.4 Å. In 1993, Iijima3 and Bethune4
independently observed single walled CNT (SWNTs) by TEM (Figure 1.2).

Figure 1.2. Left: MWCNT (outer tube is highlighted in green; inner CNT is blue). Right: SWCNT.
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1.2.2. Determination of Helicity of Single Walled Carbon Nanotubes
As mentioned in section 1.1, carbon nanotubes are seamless cylindrical forms of
two dimensional graphite. Although the mechanism for nanotube formation is not fully
understood, the way the graphitic sheet is rolled determines the properties of the carbon
nanotubes.5

The helical nature of SWCNTs can be described by the chiral vector

denoted as Rm,n. To date there are two ways to determine the Rm,n for any given
system. Dresselhaus’ method assigns values to m and n from which, the structural and
physical properties of individual SWCNTs can be determined.6 Clar’s valence bond
method subdivides SWCNTs into three classes and by doing so predicts the electronic
properties for a particular CNT.7

1.2.3. Dresselhaus’ Method
Dresselhaus and coworkers were the first to define the helicity of carbon
nanotubes by using the unit vectors of graphite, a1 and a2.6 Their methodology defined
Rm,n as the sum of n1a1 and n2a2, where n1 and n2 are integers, and n1 = m and n2 = n
(Figure 1.3A). Rm,n is constructed by counting the number of a1 and a2 vectors required
to move around the circumference of the SWCNT in the shortest path back to the
origin. Another way to envision this is by “opening” or “unrolling” any given CNT
such that atom A and A’ are the same atom (Figure 1.3B). Rm,n is then defined as the
total number of a1 and a2 vectors required to move from A to A’ along the two
dimensional network.

3

A)
Rm,n = n1a1 + n2a2, where n1 and n2 = integers
B)
a1
a2
A

Rm,n
A'

Figure 1.3. A) Rm,n is defined by the sum of vectors a1 and a2. B) “Unrolled” CNT (double bonds
omitted for clarity). Unit vectors a1 (green) and a2 (red) superimposed onto an “unrolled” carbon
nanotube. Rm,n shown (5,3).

According to Dresselhaus’ analysis the three types of SWCNT (armchair, zigzag and chiral, the names arising from the edge geometry) can be described in the
following manner: a) armchair SWCNTs are formed when n = m, b) zig-zag SWCNTs
are formed when m is a positive integer and n = 0, c) chiral SWCNTs are formed when
both m and n are positive integers such that m ≠ n (Figure 1.4). The properties of these
SWCNTs are discussed later in this chapter.
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Figure 1.4. Three types of CNT. Left: armchair (10,10). Middle: Chiral (12,7). Right: zig-zag (15,0).8

1.2.4. Clar Vector Treatment for Single Walled Carbon Nanotubes
More recently, King and coworkers have described Rm,n as a function of Clar’s
aromatic sextet VB model.7

This method’s major advantage is that it accurately

predicts the electronic properties (i.e. metallic or semiconducting) and reactivity of any
given nanotube. The premise of Clar’s VB model is it maximizes the number of
aromatic sextets to describe the lowest energy state of a polyaromatic hydrocarbon
(PAHs).9,10 The extension of Clar’s VB model to SWCNTs replaces the graphitic
vectors a1 and a2 with two new vectors p and q. Although new vectors have been
introduced, this methodology assigns chirality in a similar fashion as the Dresselhaus
method by “unrolling” any given SWCNT into a two dimension graphitic plane, where
atom A and A’ are the same atom (Figure 1.5A). In cases where p and q are the only
vectors employed to move from A to A’, the SWCNT is fully benzenoid (all π-bonds
are apart of a sextet), thus making it metallic. Metallic nanotubes are denoted as Rm,n =
0.

5

A)

q
Rm,n = 0

p

A
A'

Rm,n

q

B)
p

Rm,n = 1

a1
a2

A

Rm,n

A'

q

C)

a1

p

a2
A

Rm,n

A'

Rm,n = 2

Figure 1.5. Clar VB representation of π bonding in a CNT. A) Fully benzenoid, Rm,n = 0. B) Rm,n = 1, a
row of double bonds (not contained in a sextet) wraps about the tube parallel to vector p in a right handed
fashion. C) Rm,n = 2, a row of double bonds (not contained in a sextet) wraps about the CNT in a left
handed manner.
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In other cases, where p and q cannot adjoin A and A’, the graphitic vectors a1
and a2 are employed (Figure 1.5B and 1.5C).

In these cases the SWCNTs are

semiconducting by nature and represented as Rm,n = 1 or Rm,n = 2.
One interesting case arises using of the Clar VB method for achiral (m,0)
SWCNTs. In this case Rm,n = 1 and two enantiomeric SWCNTs can be drawn with a
the seam angle of 60° relative to the SWCNT axis. However, the VB method does not
allow a chiral representation to be drawn for an achiral system. Therefore, a resonance
form is drawn with a quinoidal seam that runs parallel to the axis of the CNT (Figure
1.6).

p
q

a1
a2

Rm,n
A'

A

Tube Axis

Rm,n = 1

Figure 1.6. Achiral (7,0) CNT. A seam of double bounds runs parallel to the tube axis.

Although the Clar VB method predicts the electronic and reactive nature for all
SWCNTs, the Dresselhaus method is typically used to name and distinguish between
two particular CNTs. Therefore this latter method will be used throughout this chapter.

7

1.3. Electronic Properties of SWNTs
The vast majority of interest and research of CNTs arises from their unique
combination of high tensile strength and electronic conductivity.11 The high degree of
conjugation and the quasi-one-dimensional structure of CNTs are being exploited in
their potential use as electronic and energy storage devices.5,12 Depending on the
helicity, SWCNTs can either be semiconducting or metallic. A brief description of
organic electronic materials is presented.

1.3.1. Band Structure of Organic Electronic Materials
Band diagrams can be described by simple Hückel molecular orbital theory
(HMO) where only π-orbitals are considered for an infinite conjugated system.
Beginning from the discrete monomer, individual bonding and non-bonding orbitals are
represented in the traditional fashion (Figure 1.7). As there is an increase in molecular
size from a single monomer to dimer, each discrete MO from the monomer splits into
two MOs for the dimer; an in-phase and out-of-phase MO, respectively. This trend
continues as the molecular size of the conjugated polymer increases from dimer to an
infinite length. Each of the initial monomer MOs contains an infinite number of MOs
in the infinite polymer. These linear combinations of MOs form energy bands.

8

1

2

n

3

Conduction Band
Infinity
Valence Band

Figure 1.7. Linear combination of MOs develops bands when n approaches infinity.

The above example is from the molecular structure point of view and not that of
the solid state terminology. HMO, typically referred to as the “tight binding method”
in the solid state, can be adapted to describe conjugated systems by generating band
diagrams. Recall that for linear polymers, HMO defines the energy of an orbital, i, as
⎛
⎝

ε i = α + 2 β ⎜ cos

2iπ ⎞
⎟
N ⎠

(1)

where α is the energy of any atomic orbital, β is the stabilization interaction of an atoms
adjacent neighbor and N is the number of orbitals. However, in the solid state, the
simplest repeating unit is the unit cell and both the intra- and inter-cell (i.e. in-phase or
out-of-phase) interactions must be taken into account (Figure 1.8). Imposing boundary
conditions on an infinite conjugated polymer (now from a tight binding view point), the
orientation (in-phase, out-of phase) of unit cells can be defined as k,
k=

2πi
Na

E k = α + 2 β cos(k )
where a is the size of the unit cell.
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(2)
(3)

Plotting the infinite number of k values (unit cell nodes) versus energy yields a
band diagram. For polyacetylene with a unit cell of two carbons, two bands emerge
(Figure 1.8). The lower band arises from the filled π-MO, while the upper band is the
π*-MO. The constructive in-phase unit cells have the lowest energy due to the intraand inter-unit cell overlap. The energy of this band increases until the two unit cells are
no longer in phase. The π* band has destructive overlap with respect to the MOs as
well as the unit cells. As the unit cells become out-of-phase, inter-cell overlap causes
the band to decrease in energy. Because the lower band is made up of a linear
combination of filled MOs it is referred to as the valence band. The upper band is
derived from empty MOs and is known as the conduction band.

π∗ − in-phase

Energy

π∗ - out-of-phase

π - in-phase

0

π - out-of-phase

k

Figure 1.8. Unit cell phase space and band structure for polyacetylene.
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π
2a

It is worth noting that HMO makes a general assumption that all interactions
between adjacent atoms are equivalent.

However, this is not the case.

Peierls

distortions (the tight-binding term for Jahn-Teller distortions) causes bond length
alternation between unit cells. In the valence band, intra-cell interactions become
stronger while inter-cell interactions become weaker. As a direct result, there is more
π-interaction across the shorter double bond within the unit cells that stabilizes the
valence band, thus decreasing its energy at k = π/2a. For the upper conduction band, the
inverse is true. Constructive orbital overlap occurs between unit cells across a longer
single bond. This raises the energy slightly at k = π/2a. A band gap is formed between
the conduction and valence band, thus making polyacetylene a semiconductor.

Energy

Conduction
Band
Band gap caused
by Peierls distortions

Eg

Eg
Valence Band

0

π

2a

k

Schematic Band
Representation

Figure 1.9. Left: Band diagram of polyacetylene containing Peierls distortions. Right: Schematic band
representation showing polyacetylene as a semiconductor.
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The band diagram for a planar graphitic sheet is relatively simple due to the two
carbon unit cell. Tight binding calculations of graphene show that π and π* bands are
degenerate at point K (Figure 1.10).

Unit cell

15
10
5
0
-5
-10
K

M

K

Figure 1.10. Left: Graphitic network with unit cell highlighted in green. Right: Electronic band diagram
for graphite. (Adopted from ref. 15)

SWCNT band structures are not as simple and are expressed by the zonefolding relation of two dimensional graphite. Simply described, a second periodic
boundary condition is imposed on the SWCNT system to describe the curvature of the
sidewall.13 From this an approximate band diagram can be generated at the Fermi
level. Calculations from various SWCNTs show that tubes where vector m = n are
metallic, m – n = 3x (where x is some integer) are small band gap semiconductors, and
all other SWCNTs are large band gap insulators.
The band diagram for a (5,5)-SWCNT shows a crossing of valence and
conduction bands indicating that it is metallic (Figure 1.11A). Ab initio calculations

12

show strong rehybridization effects occur in smaller diameter tubes that effects the
electronic structure.14

The (9,0)-SWCNT shows a slight band gap while the (10,0)-

SWCNT shows a larger band gap (Figure 1.11B and C respectively).

(5,5)-SWCNT
3

(9,0)-SWCNT

(10,0)SWCNT

B

A

C

2

Energy

1
0
-1
-2
-3
k

k

k

Figure 1.11. Electronic band structures for three different SWCNTs. A) Metallic (5,5)-SWCNT. B)
Small band gap (9,0)-SWCNT. C) Insulating (10,0)-SWCNT. (Figure adopted from ref. 15)

Extrapolating back from the band diagrams shown in Figure 1.11, Clar VB
notation would assign 0 to (5,5)-SWCNT and a 1 or 2 to the (9,0) and (10,0)-SWCNTs.
This would indicate that the first this system is fully benzeniod which the latter two
have chiral seams made from double bonds that are not contained within a Clar sextet.

13

1.4. Syntheses of CNTs
Since the discovery of CNTs, there has been a tremendous amount of research
in developing an effective and efficient method for CNT synthesis.

Production

methods fail to produce one discrete type of CNT, in large part due to minimal
understanding the “growth” mechanism for CNT formation. Discrete CNTs of great
importance due to the different properties that individual SWCNT possess (i.e. metallic
or semiconducting). A bottom up synthesis of SWCNTs has eluded synthetic chemists
but could provide the most effective method for producing a single, defect-free
SWCNT (a more complete discussion is covered in Section 1.6). It is worth noting that
SWCNTs are more highly valued and sought (compared to MWCNTs) due to the
higher crystalline materials formed during processing. For this reason, this discussion
will be limited to SWCNTs.

1.4.1. Arc Discharge
Iijima used an arc discharge method to produce the first CNTs.2 This method
places two carbon rods end to end 1 mm apart in a low pressure inert environment
(Figure 1.12).

A high pressure discharge is produced between the two carbon

filaments, causing the carbon anode to partially vaporize and deposit carbon allotropes
on the cathode.
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Carbon anode
Dimple containing
catalyst
He or Ar atmosphere
Carbon cathode

To Vacuum
DC Power Supply
Figure 1.12. Typical arc discharge apparatus.

MWCNTs were initially produced by using the method described above.
However,

Iijima3 and Bethune4 independently discovered that SWCNTs can be

produced under arc discharge conditions in the presence of Fe or Co catalyst. Iijima
and co-workers, used two vertical carbon electrodes; the anode 10 mm in diameter
suspended 1 mm above a 20 mm cathode.

The cathode surface is dimpled and

contained Fe filings which melted under the reaction conditions of 10 torr of CH4 and
40 torr Ar, dc current of 200 A at 20 V. SWCNTs were found to be produced on the
cathode and had diameter range of 0.8 nm to 1.6 nm.
Bethune prepared SWCNTs by boring holes in both electrodes and filling each
with graphite and pure powdered metal (Fe, Ni or Co).4 In all cases the material was
vaporized by 100 A in ~ 250 torr of He, however, SWCNT were isolated only in the
presence of Co. Additionally, all the SWCNTs produced had approximately 1.2 nm
diameters suggesting that the catalyst used plays a role in the nanotubes formation. It is
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interesting to note that under Bethune’s procedures, no CNTs were produced when Fe
was used as catalyst.

This indicates that CNT, and more specifically SWCNT,

formation is not only dependent on the catalyst, but also the vaporization conditions.

1.4.2. Laser Ablation
Laser ablation produces a greater ratio of CNTs to carbon soot than arc
discharge methods; producing up to 70% CNTs. A pulsed or continuous laser can be
used to vaporize graphite in a 1200 °C He filled oven (Figure 1.13).16 The vaporized
carbon is though to condense to form larger clusters containing fullerenes and CNTs,
although the CNT growth mechanism is not currently known. As with arc discharge
methods, the presence of catalysts, Co, Ni, Fe or Y, favors SWCNT formation rather
than MWCNTs. However, to date it is unclear why.

Cu Condensor
Inert Gas Flow

Graphite

Laser

Oven
Figure 1.13. Laser ablation device developed by Smalley.16

SWCNTs produced by this method associate through van der Waal forces to
create bundles, which are important to nanoelectronics.17 Large scale production of
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SWCNT bundles, however, is expensive due to the large amount of power and the
Nd:YAG laser required for graphite vaporization.

1.4.3. Chemical Vapor Deposition
Chemical vapor deposition (CVD) is an umbrella term that describes various
methods that use a high energy, high reactivity gaseous carbon source (i.e. CH4, CO or
acetylene) and a catalyst to form CNTs. Two of the most notable CVD methods, high
pressure CVD (HiPco)18 and plasma enhanced CVD (PECVD),19 are described below.
HiPco catalytically produces MWCNT or SWCNT from CO and Fe(CO)5
(Figure 1.14).18 SWCNTs are produced by a continuous flow of Fe(CO)5 doped CO
passing through a heated reactor ranging from 800 to 1200 °C depending on the
particular reaction conditions.

Fe(CO)5 is known to decompose at 250 °C into

indiscrete (Fe(CO)n, n = 0 – 4), but highly reactive Fe clusters.

These particles

facilitate CO disproportionation into CO2 and elemental C (Equation 4) and nucleate
SWCNT growth.
CO2 + C

2 CO
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(4)

Cold
H2O
Nanotube
formation
Cold CO2
Fe(CO)5
Hot CO
Furnace

Figure 1.14. HiPco device for CVD synthesis of CNTs.

A second notable CVD method is plasma enhanced CVD (PECVD). This
method uses a thin film containing Fe, Ni or Co catalyst below a filament heated to 800
to 1200 °C (Figure 1.15). As the carbon source, CH4 or C2H2, bleeds into the reaction
chamber, SWCNTs are grown catalytically on the thin film surface. PECVD produces
well aligned SWCNT plates that have potential applications in molecular electronics.
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CH4 or C2H2

Hot Filament

Thin film containing
Ni, Fe or Co catalyst

Figure 1.15. PECVD apparatus produces SWCNTs on thin films containing catalysts.

1.4.4. Conclusion
As shown in the previous section, bulk production of SWCNTs results in a
mixture of tube geometries (i.e. length, diameter and helicities). Table 1.1 shows the
summary of current synthetic methods.

In all cases selectivity of one particular

SWCNT is not possible, which limits the utility of these methodologies due to the
correlation of diameter and chiral vector to SWCNT properties. Furthermore, the vast
majority of contaminants are catalyst byproducts that are difficult to separate from the
desired CNTs.

Therefore, most post production processes rely on SWCNT

functionalization to aid in purification.
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Table 1.1. Summary of current synthetic methods.

Arc Discharge

Laser Ablation

Chemical Vapor
Deposition

30 to 90%

70%

20 to 90%

SWCNT

Short tubes with
diameters ~0.6 to
1.4 nm

SWCNTs are in
bundles. Individual
diameters 1 to 2 nm

Long tubes with
diameters 0.6 to
1.4 nm

Pro

Few defects,
inexpensive, open
air synthesis

Few defects

Large scale
production, good
diameter
selectivity

Cons

Random size and
geometry, requires
purification

Very costly, not
scaleable

Sidewall defects

Method
Yields

1.5. Functionalization of SWNTs
Functionalization of SWCNTs can be achieved by various means and
methodologies. However, altering the chemical make-up can drastically change the
physical, chemical and optical properties of SWCNTs. The efficiency, predictability
(including reaction site) and full effects of functionalization are not fully understood.
Yet it is vital to post production methods as well as a way of developing asymmetric
functionalized materials.

1.5.1. Defect functionalization
During processing and/or purification of bulk SWCNTs, sidewall defects are
produced.8

Typical CNT defects during nanotube formation are five and seven
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membered rings and sp3 hybridized carbons (commonly containing a hydroxyl moiety).
Carboxylic acid moieties along the sidewall and tube termini are formed during the post
production process.20
Amination and esterification of the carboxylic acid defects, under typical
procedures, has been demonstrated to be an effective method of functionalizing in order
to improve solubility and isolation of CNTs.21,22 Conversion of carboxylic acids to acid
chlorides is easily done by refluxing the crude CNTs in the presence of SOCl2 for 24
hours. Addition of primary amines or alcohols results in amide or carboxylic acid
formation.

O

O
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OH

R

2) R-OH or R-NH2

O

O

HO

HO
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R
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O
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O

O
O

O

15

O
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15
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O
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O
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15

O

1d

15

O
15

Scheme 1.1. Lipophilic or hydrophilic dendron functionalized SWCNT.22
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Dendron functionalized SWCNTs are soluble in either typical organic or
aqueous solvents depending on the side chain functionality. Amide 1b, 1c and 1d are
soluble in nonpolar and weakly polar organic solvents, while 1a is soluble in polar
solvents such as EtOH and DMSO (Scheme1.1).22 Interestingly, the addition of side
chain functionality to CNTs does not change the absorbance profile of the CNTs, since
all dendrons used were colorless by nature. Furthermore, UV-vis titration experiments
show a linear correlation between functionalized SWCNT concentration and
absorbance, indicating no aggregation or bi-molecular association in solution.22
Side chain functionality does not retard the fluorescence properties of
SWCNTs.

Sun and coworkers functionalized SWCNTs of various lengths with

poly(pripionylethylenimine-co-ethylenimine) or PPEI-EI using similar procedures to
that shown in Scheme 1.1.23

The fluorescence quantum yields (Ф) of PPEI-EI-

SWCNTs are “substantial” with Ф values up to 0.11 in CHCl3. The relatively high
quantum yields may be attributed to the fact that bulk produced SWCNTs contain
defects which may trap the excitation energy. This phenomenon could be similar to
that of suspended semiconductor nanoparticles.

1.5.2. Covalent Functionalization of SWCNTs
Functionalization of ideal (containing no defects) SWCNTs exploits curvature
induced pyramidalization and misalignment of π-orbitals. In planar systems, such as
graphite, the pz-orbital for each carbon atom lies perpendicular to that of the σframework, but in a curved system (i.e. C60) this angle is larger (Figure 1.16). The

22

pyramidalization angle (θp) is then defined as the angle between the atom’s π-orbital
(pz) and the σ-framework minus the ideal geometry. The θp for a graphitic carbon atom
is 0° while C60 and (5,5)-SWCNT have θp of 11.6° and 6°, respectively.

θ = 90o
R
R

R

θ = 101o
R
R

R

θ = 96o
R
R

R

θp = 0o

θp = 11.6o

θp = 6o

Graphite

C60

(5,5) SWCNT

Figure 1.16. Pyramidalization angles for graphite, C60 and (5,5) SWCNT.

One result of pyramidalization is the misalignment of π-orbitals between
adjacent atoms. Since the curvature of SWCNTs is only in one direction, along the
circumference of the tube there are different pyramidalization angle for individual sites
(particular C=C bonds) in the SWCNT sidewall. Figure 1.17 shows an example of a
(5,5)-SWCNT and the greater degree of misalignment of π-orbitals occurring between
atoms 1 and 3 compared to atoms 1 and 2.
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2
R

1/2

R

R 1/3

1

3

R

φ = 21o
Figure 1.17. Curvature of SWCNT occurs in only one direction resulting in misalignment of π-orbitals.
Left: looking down the bond between atoms 1 and 2. Right: looking down the bond between atoms 1 and
3.

The curvature of SWCNTs and C60 induces strain on the system causing an
increase in reactivity of the graphitic sidewall.
calculations on various diameter tubes.24

This is supported by theoretical

Chen and coworkers found that larger

diameter SWCNTs (a lower degree of curvature = a lower degree of pyrimadalization)
have higher reaction energy than that of smaller diameter tubes. Experimental findings
support these theoretical claims.

SWCNTs produced by HiPCO with an average

diameter of ca. 1 nm undergo a higher degree of fluorination than SWCNT with
average diameter of ca. 1.38 nm produced by laser ablation.25
1,3-dipolar cycloadditions and Diels-Alder reactions have been effective
methods for functionalizing fullerenes.26,27 Prato and coworkers extended this concept
to functionalize SWCNTs through 1,3-dipolar cycloadditions of azomethine ylides.28
Ylide formation of an α-amino acid and an aldehyde occurs at 130 °C in DMF.
Subsequent in situ reaction between the ylide and the SWCNT sidewall results in a 5
membered pyrrole ring. With such forcing conditions it is reasonable to assume that
pyrrole ring formation may not be site selective for the 1,2-site rather than 1,3-site (see
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Figure 1.15 for site descriptions).

In other words, reactivity may not occur

preferentially at the 1,2 site over the 1,3 site. Theoretical calculations predict that the
1,2 site is both slightly thermodynamically and kinetically favored for the 1,3-dipolar
cycloaddition of ozone to the sidewall of a (5,5)-SWCNT.29 Site identification is not
currently possible with large SWCNTs due to limitation in characterization techniques.

R1

H
N

COOH +

R2

R1
N

CHO

R2

DMF
o

130 C, 5 days

R1 = (CH2CH2O)3CH3; CH2(CH2)5CH3
R2 =

OMe

Scheme 1.2. Functionalization of SWCNT by 1,3-dipolar cycloaddition of azomethine ylides28

Sidewall functionalization of CNTs by Diels-Alder cycloaddition requires
highly reactive dienes.30 To date, only o-qionodimethane has been reported to react
with SWCNTs. Due to the very reactive nature of o-qionodimethane, it was generated
in situ from 4,5-benzo-1,2-oxathin-2-oxide (2) under microwave irridations (Scheme
1.3).30 As with the 1,3-dipolar cycloaddition of ozone, the Diels-Alder reaction is more
thermodynamically and kinetically favored at the 1,2 site than the 1,3 site, however this
has not been empirically confirmed.29,31

25

2

S
O

O
mw, 150 W
50 min

Scheme 1.3. Diels-Alder Cycloadditon to SWCNT sidewall.

It is worth noting that CNTs have been orthogonally functionalized using the
two methods already discussed: amide formation and 1,3-dipolar cycloaddition
(Scheme 1.4).32,33

Multifunctionalized CNTs are important in numerous fields

including medicinal chemistry. Attachment of a drug by one methodology and a
fluorescent dye by a second approach, allows for tracking up regulation of drug
containing materials. However, specific binding interactions still need to be explained;
that is, how one functionality affects the reactivity and location of a second.
MWCNTs were initially functionalized with a glycol side chain bearing a
phthalimide protected terminal nitrogen by amide formation (3, Scheme 1.4). A second
diaminotriethylene glycol side chain containing a terminal Boc protected nitrogen was
attached through 1,3-dipolar cycloaddition to form 4. Selective removal of phthalimide
in 4 by hydrazine in EtOH gave the free terminal amine which was then coupled to
fluorecin isothiocyanate (FITC). Boc removal by 4 M HCl in dioxane yielded the free
amide which was attached to amphotericin B to form nanotube 5.

This

bisfunctionalized MWCNT was up regulated into mammalian cells and displayed
significantly higher antifungal activity compared to free amphotericin B (AmB).33
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Scheme 1.4. Bisfunctionalization of SWCNT via amination and pyrrole ring formation.33

1.5.3. Non-Covalent Functionalization
In addition to covalent functionalization, SWCNTs may undergo non-covalent
interactions with various types of molecules.
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However, unlike covalent

functionalization, external and internal (i.e. encapsulation) derivitization of small
molecules has to be considered. In addition, non-covalent interactions allow for tuning
the electronic properties without damaging the graphitic sidewall of the SWCNT.
Polynorbornene-coated CNTs can be synthesized from pyrene derived Grubb's
precursors (Figure 1.18).34 Interestingly, the generation of Grubb’s catalyst on the
CNT surface is an ineffective and inefficient route to polynorbornene-coated CNTs.
Dai and coworker circumvented this problem by generating the catalyst prior to
association with SWNCT sidewalls.

The bimolecular system shows ring opening

metathesis polymerization (ROMP) with norbornene. Atomic force microscopy shows
an effective coating for a 1.4 nm diameter SWCNT of approximately 7.7 nm (Figure
1.18).34

O
N
H

PCy3
RuCl2
PCy3

R

n

O
N
H

0.5 eq
PhCH3, rt, 2 hr

O
R=

N
H

Figure 1.18. Polynorbornene coating of SWCNT by ROMP.
unfunctionalized SWCNT. Below right: coated SWCNT.34
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Below left: AFM images of

While exohedral association has been proven as an effective method for
purification and functionalization, endohedral encapsulation of molecules has shown to
be a viable approach to theoretically interesting materials.35 Most notably C60, has been
shown by high resolution TEM to be encapsulated in various structural motifs
depending on SWCNT diameter.36

Theoretical37 and experimental36 investigations

confirm linear chain orientation of C60 inside SWCNT with 1.2 – 1.4 nm, while a “zigzag” formation occurs in larger (1.5 to 2 nm) diameter tubes (Figure 19). In SWCNTs
with diameters 2.1 – 2.2 nm diameters, C60 form a double helix in a chiral fashion.

~12 nm

~15 nm

~20 nm

= C60

Figure 1.19. Endohedral encapsulation of C60. Left: C60 linear chain. Middle: C60 zig-zag. Right: C60
double helix.

Molecular ordering within SWCNTs plays an important role in the electronic
properties of the system.

In cases where the diameter of the SWCNT is small,
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encapsulated molecules may strain or deform the SWCNT sidewalls by shortening or
lengthening the C – C bonds. In cases where encapsulation of a guest is exothermically
favored (i.e. larger diameter tubes where such sidewall deformation do not occur) novel
electronic properties arise. Encapsulation of C60 into a (10,10)-SWCNT (denoted as
C60@(10,10)), causes the metallic SWCNT to become one with multicarrier pathways.
This means electronic conduction can either occur along the tube axis or along the
fullerene chain.38 However, this is a unique case arising from favorable distances
between the endohedral sidewall face of a metallic SWCNT and C60.
Encapsulation of C60 into semiconducting SWCNTs causes only a slight change
in the band gap observed.39

With this stated, a decrease in Eg is observed in

matallofullerenes encapsulated in SWCNTs (i.e. Gd@C82). SWCNTs with ~1.4 nm
diameters generated by laser ablation have Eg on the order of 0.6 eV. The Eg decreases
to ca. 0.1 eV for Gd@C82@SWCNTs making these endohedral functionalized tubes pand n- type conductors.
Regardless of the method, functionalization plays a large role in CNT
purification, property tuning and enhancement. Purification of bulk CNTs, does not
yield a discrete type (i.e. only (10,0)-SWCNT), but a mixture of CNTs with various
diameters, helicities and properties. Additionally, covalent functionalization is not well
understood because characterization techniques are not sensitive enough to determine
the exact location of addition. Still, research in these areas is growing due to the
promising materials produced by CNTs.
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1.6. Conclusion
SWCNTs have become important materials for nanoscale electronics, drug
delivery as well as other areas. However, current production methods limit the growth
of SWCNTs in these arenas. Polydisperse SWCNTs of various sizes and helicities
requires high resolution microscopy techniques to determine the types of SWCNTs
produced. Furthermore, large CNTs, both in length and diameter, do not allow for
fundamental understanding of chemical reactivity (i.e. substitution patterns). Therefore
several groups have undertaken a bottom up approach to SWCNT synthesis. Rational
SWCNT syntheses have major advantages over bulk production methods, by producing
discrete SWCNTs with a known geometry. Additionally, a rational synthesis would
allow for novel synthetic tools to be developed for building strained sp2 hybridized
networks.
Scott and co-workers have developed a microwave assisted method for
synthesizing pentaindenocorannulene (6, Figure 1.20).40 These bowl shape molecules
have the potential for forming end-capped SWCNTs. Scholl oxidation of the five
pendant phenyl rings to give 7 would serve as a seed for nanotube growth by successive
Diels-Alder reaction with acetylene.
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Scholl Oxidation

7

6

Figure 1.20. Scott's rational SWCNT synthetic approach.

An alternative approach by Bodwell and co-workers proposes SWCNT
synthesis by dehydrogenation of a cyclidrical series of cyclophanediene (8 or 9,
Scheme 1.3). To date only 10 and 11 have been synthesized by this method. However,
extending the cyclophanediene to larger systems would yield short SWCNT segments.
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Scheme 1.5. Bodwell's approach toward SWCNT segments.

The chemical approach proposed herein would exploit Diels-Alder chemistry of
alkynes and cyclopentadienones to produce a three dimensional PAH.

This

methodology has been highly successful in preparing large dendritic systems.41,42
Incorporating the ethynylene units into the backbone of a macrocycle (14) and
subsequent Diels-Alder reaction with biphenylcyclopentadieneone 15, would convert
the planar macrocycle into a three dimesional network, (16) (Scheme 1.6). Oxidation of
16 would yield a (9,0)-SWCNT segment, 7 Å in diameter and 11 Å in length. As
shown in figure 11B, this particular SWCNT is a small band semiconductor.
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7Å

15
Diels-Alder

Oxidation

11 Å

Cycloaddition

14
16

17

Scheme 1.6. Proposed synthetic bottom up approach to (9,0) SWCNT segment 17.

In all cases a bottom-up synthesis would give discrete SWCNT segments. Segments of
short defined length would allow for traditional chemical analysis (i.e. NMR, X-ray
etc.), and in turn yielding a better understanding of chemical reactivity.
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CHAPTER 2: SHAPE-PERSISTENT MACROCYCLES

2.1. Introduction
As shown in the previous chapter, carbon based networks have attracted a great
deal of interest because of the highly delocalized π-system. In addition, organic π-rich
systems have several advantages over inorganic materials, one of which is the ease of
processing by printing, spin casting and dip coating techniques.1

Coupling the

inexpensive and simple fabrication of nature of these materials with both the optical
and electronic properties of organic conjugated systems yields novel arrays with
applications in numerous fields including liquid crystals,2 non-linear optics (NLO)3 and
supramolecular chemistry.4,5,6

The field however, relies on discrete synthesis of

organic precursors as well as the ability to accurately control the self assembly of small
molecules to form supramolecular arrays. In this chapter, the synthesis, physical and
optical properties of organic shape-persistent macrocycles containing unsaturated
ethynylene and imine backbones will be discussed.
By definition, shape-persistent macrocycles are rigid non-collapsible cyclic
structures. A more formal geometric definition states that shape-persistent macrocycles
have an interior lumen (d) that is equal to the circumference (l) divided by π (Figure
2.1).4

d=

l

π

Figure 2.1. Geometric definition for cylindrical shape-persistent macrocycles
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Macrocycles containing ethynylene and imines show similar physical
aggregation properties.

However, these systems differ from one another in their

syntheses as well as the optical properties. Phenylene imine macrocycles also show
dynamic covalent chemistry under mild conditions, thus making these materials
attractive substrates for ion sensors.7 In addition, phenylene imine macrocycles have
increased binding ability due to the N heteroatom within the backbone.

The

fluorescence response of these materials is weak compared to phenylene ethynylene
macrocycles. Alkyne macrocycles show high quantum yields (Φ) as well as high nonlinear optical (NLO) response compared to linear systems.

2.2. Phenylene Ethynylene Macrocycles
2.2.1. Synthetic Strategies
Phenylene ethynylene macrocycles have historically been prepared in low
yields from alkynyl cuprates and are often mischaracterized due to poor
characterization techniques.8 Palladium cross-coupling reactions (i.e. Sonogashira and
Suzuki couplings) have caused a resurgence in phenylene ethynylene macrocycle
research because of the numerous scaffolds that are now available. Additionally, cross
coupling reactions allow for the synthesis of graphyne (18) subunits (Scheme 2.1).
Graphyne has been theoretically predicted to possess unique physical and mechanical
properties.9,10 Although numerous subunits have been prepared, graphyne has eluded
synthetic chemists.
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The smallest cyclic subunit of graphyne, 20 was initially prepared by Eglinton
et. al. using the Stephen-Castro11 coupling of copper o-iodophenylacetylide (19) in 48%
yield (Scheme 2.1).12 The cyclic tetramer, 21 was also isolated in 8% yield and trace
amounts of the cyclic pentamer were obtained under these reaction conditions. It is
important to note that all products isolated are relatively strain free, causing little to no
bond deviation from the desired geometries.

I

19

Pyridine

+

Cu
47%

8%

20

21

18

Scheme 2.1. Left. Graphyne 18 with smallest cyclic subunit highlight in red. Right. Eglinton's synthesis
of 20 by Steven-Castro coupling.12

Systems with relatively small amounts of strain can be prepared under similar
reaction conditions. Coupling of the copper acetylide 22 obtained from 3-ethynyl-2iodothiophene results in 23 in 23% yield (Scheme 2.2).8 The lower yield relative to 20
is attributed to ethynylene distortions resulting in an increase in strain of the
cyclotrimer. It is suggested but not explicitly reported that higher order cyclic and
linear oligomers were the major components of the reaction mixture, even though they
were not isolated.
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S

S

I
Pyridine

Cu

21%

+

various linear and
cyclic oligomers

S

22

S

23

Scheme 2.2. Synthesis of strained thiophene 23.8

Controlling the cyclooligomerization reaction to afford one particular isomer is
difficult. Typically, high dilution reaction conditions are used to form cyclic systems
rather than linear oligomers. Selective ring size (i.e. cyclotrimer versus cyclotetramer)
formation is harder to dictate by this method. Coordinating groups ortho to the halide
increases the yield of the cyclic trimer.13 Macrocycle 25 is formed in high yield (80%)
from cuprate 24 (Scheme 2.3). Mechanistically, the methoxy group acts as an “ortho
director” by forming complex 26 with the cuprate, which rearranges to form 27 under
the reaction conditions.13 The ortho substituted methoxy group must increase the rate
for the intramolecular ring closure reaction relative to the linear oligomer formation as
evident by the high selectivity of the cyclotrimer.
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MeO

OMe
I

OMe

Pyridine
Cu

OMe

MeO

OMe

80%

24

OMe MeO

25

Pyr

Pyr

R

MeO Cu
I

OMe

MeO

Cu

Cu

I
R

OMe

26

27

Scheme 2.3. "ortho directed" synthesis of macrocycle 25.

The “ortho directing” argument is further supported by the low yield of
cyclotrimer 29 (17%) from 28 (Scheme 2.4). The acetylide complexes to the two
methoxy groups away from the desired reaction site, which consequently decrease the
reaction efficiency. This complex can be inhibited by in situ generation of the cuprate
with t-BuOK at room temperature for 1 hour prior to the addition of CuCl. Refluxing
the reaction in pyridine generates 29 in 45% yield. The increase in yield is due to
competitive binding between K+ and the Cu-acetylide to the two methoxy groups.8
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MeO
MeO

I

OMe

Pyridine

MeO
16%

Cu

28

MeO

OMe

MeO

29

OMe

Scheme 2.4. Low yield of 29 is due to cuprate complexation with the two methoxy groups.

An alternative method for ring size selectivity is introducing large substituents
that

undergo

steric

repulsion

to

disfavor

one

or

several

ring

sizes.

Cyclooligomerization of 30 under palladium catalyzed Sonogashira-Hagihara
conditions, produced cyclodimer 31 and indenoindene 32 rather than the expected
cyclotrimer 33 (Scheme 2.5).14 The indenoindene is generated by a cascade radical
mechanism from 31 and is discussed in further detail in Section 2.2.2. Steric bulk
between bulky TBDMS groups is greater in 33 than 31 and is the main factor in
cyclodimer formation even though the silyl ethers are ortho directing substituents.14

Si

Si

O
I

Si

O
O

Si
O

Si
Si O

Si

30

Si
O

Cl2Pd(PPh3)2
CuI, i-Pr2NH
PhCH3, 90oC

O

O

O

Si

Si

O

O

Si

Si

31

O
O

32

10%

O Si

67%

Si

O
Si

O
Si

33
trace

Scheme 2.5. Steric congestion leads to cyclic dimer 31 and rearranged indenoindene 32 rather than the
cyclotrimer 33.14
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Larger 30 membered hexakis(arylene-ethynylene)macrocycles can be prepared
using cyclooligomerization precursors by Steven-Castro coupling reactions albeit in
much lower overall yields, 4.5-6%.15 More recently, alkyne metathesis16 has been used
to build hexakis(arylene-ethynylene) macrocycle analogs.17 Metathesis overcomes the
kinetic control of cyclooligomerization by being able to correct unfavorable bond
formations and drives the reaction to the thermodynamic product.
Metathesis of 35 using EtCMo[NAr(t-Bu)]3 at room temperature yields 38 and
39 in a 6.5:1 ratio (Scheme 2.6).17 At higher reaction temperatures (95 °C) however,
the 38:39 ratio drops to 2.9:1. Moore further demonstrated that long linear oligomers
could be digested into discrete hexakis(arylene-ethynylene) macrocycle.

To date,

several phenylene ethynylene macrocycles of different geometric shapes have been
successfully prepared in excellent yield by alkyne metathesis.18,19
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OTg

TgO
Active Catalyst
Et

Et
Mo OR
RO
OR

Ar-OH
ArO

34

Mo OAr
OAr

R=

Ar =

NO2

35

TgO

OTg

36

R2
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OTg

N

39

OTg

OTg

R2

O

R2

TgO

OTg

TgO

OTg

R2

Precipitate

37

Tg = -(CH2CH2O)3CH3

OTg

38

Scheme 2.6. Moore’s precipitate driven alkyne metathesis synthesis of cyclopentamer 39 and
cyclohexamer 38.

Extending the π-backbone of graphyne by incorporating a second ethynylene
moiety gives graphdiyne 40, which has been theoretically predicted to possess high
third order NLO properties, high fluorescent efficiency and high conductivity, if not
superconductivity.20 Phenylene ethynylene macrocycles that are distinct subunits of
graphdiyne can be prepared by similar cyclooligomerization reactions (with the
exception of alkyne metathesis) and have one major advantage over palladium
cyclooligomerization reactions (as shown in Scheme 2.5). Pd catalyzed aryl halide-
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alkyne coupling requires strict O2 free solvents and reaction conditions, but alkynealkyne coupling required O2, making for simpler reaction conditions.
Eglinton first reported the synthesis of 42 in 35% yield by Cu-mediated
oxidative homocoupling of o-diethynylbenzene (41, Scheme 2.7).21

Cu(OAc)2
Pyr, MeOH

41
42
40
Scheme 2.7. Left: Graphdiyne with smallest cyclic subunit highlighted in red. Right: Eglinton’s copper
mediated diacetylene formation of 42.

A major drawback to this method is evident in the reaction’s inconsistency and
inability to predict relative product ratios. In reexamining Eglinton’s work, Swager and
coworkers noted that “the diacetylene cyclization reaction is extremely sensitive to the
reaction conditions employed.” In particular, concentration and side chain derivitization
have the greatest effect on product ratio (Table 2.1).22 Diyne 41, containing various
length of alkyl and alkoxy side chains, were examined. For the parent system, where
R = H (41), only the previously observed cyclodimer was isolated. However, for
systems where R = CnH2n+1, various amounts of the cyclotrimer and tetramer were
isolated.
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Table 2.1. Product distributions of cyclooligomerization of 41 and analogs. (% yields of isolated
material)
R

R

R

R

R

R

R
R
R

R

1.1eq, CuCl
23 eq TMEDA, O2
R
R

R Group
H
C4H9
C6H13
C10H21
C12H23
OC10H21

R

R
R

Cyclodimer
35
31
30
11
20
74
54
16
17

R

R

R
R

R

Cyclotrimer

Cyclotetramer

21
19
14
45
9
15
19
33

9
8
5
9
16
5
26

With the exception of alkyne metathesis, intermolecular cyclooligomerization
reactions suffer from producing numerous macrocyclic and linear products, which are
often difficult, or impossible, to separate. Current alkyne metathesis procedures are
limited by the high reactivity of the Mo catalyst, which must be handled in an argon
filled glove box. However, cyclooligomerization reactions allow for facile synthesis of
large structures with a minimal number of steps.
In addition to cyclooligomerization of discrete monomeric fragments, a
stepwise approach to symmetric and asymmetric phenylene ethynylene macrocycles
have been demonstrated.23,24

Although several iterations of couplings and
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deprotections are typically required, the stepwise approach yields a single macrocycle
rather than a series of linear and cyclic oligomers that need to be separated from one
another.
The simplest example is of Haley’s synthesis of 20 starting from o-iodoaniline
(Scheme 2.8).25 Sonogashira coupling of TMS-alkyne followed by diethyltriazane
formation yields the orthogonally protected alkyne 43 in 82% yield over two steps. A
split pool approach was undertaken whereby either the TMS protecting group or the
Et2N3 masking group were removed to afford 44 and 45 respectively. Sonogashira
coupling of the two fragments yields the linear dimer 46 in 88% yield.

TMS

deprotection by K2CO3 followed by a second iterative coupling with fragment 45
afforded the linear trimer in 73% over two steps, which underwent diethyltriazene and
silyl deprotection to afford doubly deprotected 47.

Intramolecular ring closure

Sonogashira coupling of precursor 47 afford the cyclic trimer 20 in 69% over three
steps.

47

K2CO3, MeOH,
THF

I

1) i. NaNO2, HCl H2O
ii. Et2NH, K2CO3, H2O

NH2

2) Cl2Pd(PPh3)2, CuI, Et3N,
TMS-acetylene

N

N

N

44

TMS

N

N

N
TMS

43

MeI
120 oC
I

45

1) Cl2Pd(PPh3)2, CuI
Et3N, 45

1) Cl2Pd(PPh3)2, CuI
Et3N

44
+

2) K2CO3, MeOH,
THF

45

N

N

2) MeI
3) K2CO3, MeOH,
THF

N

46

I

47
Pd(dba)2, PPh3, CuI
Et3N

20

Scheme 2.8. Stepwise assembly to macrocycle 20.

The stepwise approach also allows for large complex structures containing fused
phenylene ethnylene macrocycles to be synthesized that could not otherwise be formed
via cyclooligomerization. TMS acetylene was cross-coupled with diiodoaniline 48
followed by triazene formation to give 49 (Scheme 2.9). Triazene decomposition and
subsequent Stille coupling of ethynyltributylstannane gave triyne 50. Cross-coupling
of 50 with 1,2,4,5-tetraiodobenzene afforded the advanced intermediate 51, which
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underwent TMS deprotection by TBAF.

The terminal alkynes underwent

homocoupling with a duel Pd catalyst system to afford 52 in 9% yield.

NH2
I

1) Cl2Pd(PPh3)2, CuI, Et3N,
TMS-acetylene

I

TMS

N

N
N

TMS

1) MeI
2) Pd(PPh3)4, THF
Bu3Sn

2) i. NaNO2, HCl H2O
ii. piperidine, K2CO3, H2O

n-Dec

72%

n-Dec

96%

48

49
R
H
TMS

TMS

I

I

I

I

n-Dec
R

Pd(PPh3)4, CuI
i-Pr2NH, THF
n-Dec

R

n-Dec
R

R

62%

n-Dec

50

R

R

n-Dec
R

R = TMS

51
n-Dec

n-Dec

1) TBAF, THF
2) Pd(dppe)Cl2, Pd(PPh3)2
CuI, I2 i-Pr2NH, THF
9%

n-Dec

n-Dec

52

Scheme 2.9. Stepwise synthesis of complex fused phenylene ethynylene macrocycle. Single phenylene
ethynylene macrocycle is highlighted in red.
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2.2.2. Phenylene Ethynylene Macrocycle Reactivity.
Polyaromatic hydrocarbons have been explored as molecular wires,1,26 liquid
crystals27 and dendritic scaffolds.28 Phenylene ethynylene macrocycles can be used as
precursors to novel aromatic scaffolds by exploiting intramolecular rearrangements and
Diels-Alder chemistry of the ethynylene moieties.
Small cyclic aryl bisalkynes such as 31 are known to undergo thermal
Sondheimer29 and Staab30 independently

cyclization reactions (Scheme 2.10).

proposed a diradical species for similar pseudo-ortho diethynylene compound to be the
key intermediate to form a polyaromatic system.

It is reasonable to assume that

cylcodimer 31 undergoes a similar reaction pathway to form the indenoindene 32.

R

R

R

R

R

R
R=

R

R

31

R

O

Si

R

R

32

53

R

Scheme 2.10. Mechanistic pathway for indenoindene formation from cyclic diyne 31.

An analogous thermal decomposition of 54 to a 6-5-6-5-6 ring system was
initially reported by Eglinton and further examined by Swager (Scheme 2.11).22 The
diradical intermediate could be trapped by I2 to afford the tetraiodo species 55 which
can be isolated in good yield. Direct oxidation with O2 affords 56 in excellent yields

50

(95%). Indenofluorenediones have recently been identified as n-type semiconductors
with high electron affinity due to the electron-accepting cylopentadienone moieties.31,32
Additionally, the ease of processing by solution phase techniques allows for viable
development of thin-film transistors using these materials.32

O

I

I

I
I2

O2
PhH

PhH

54

~65%

I

95%

I
O

I

55

56

Scheme 2.11. Production of indenofluorenediones from cyclodimer 54.

Strained phenylene ethynylene macrocycles undergo facile reactivity due to
deformation of the ethynylene moieties. Diyne 57 readily undergoes [4+2] Diels-Alder
cycloaddition with tetraphenylcyclopentadienone (58) to give polyaromatic structure 59
that is oxidized33 to form a graphitic network (Scheme 2.12).34 Surprisingly, this is the
only reported reaction of cyclopentadienone with a phenylene ethynylene macrocycle
to date, although several groups have used this methodology to form large dendritic
structures in near quantitative yields.35

51

O
Ph

Ph
Ph

58

Ph
CuCl/AlCl3
140 oC

150 oC, Ph2O
12 hrs

Cl

Cl

95%

Cl

Cl

57
60

59

Scheme 2.12. Mullën’s [4+2] cycloaddition with diyne 57 to form polyaromatic hydrocarbon 60.34

Dimerization of 57 has been used to form tetraaryl cyclophanes (Scheme
2.13).36 The rigid ring orientation and close proximity of the aryl rings make these
compounds excellent model systems for excimers.37 Cyclophanes in which the πclouds of the aryl rings fully overlap help explain the relationship between
chromophore arrangements in the excited state.
Diyne 57 undergoes Diels-Alder cycloaddition with diene 61 to afford a mixture
of diastereomers 62. Thermal evolution of phenyl isocyanate affords a mixture of syn
and anti 63. Bisamide 63 can undergo a second [4+2] cycloaddition with diyne 57
followed by thermal decomposition to form tetrabenzannelated 1,2,4,5-cyclophane 65
in 50% yield.
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Scheme 2.13. Tetrabenzannelated 1,2,4,5-cyclophane from 65.

2.3. Phenylene Imine Macrocycles
2.3.1. Synthetic Strategies
Phenylene imine macrocycles are becoming and important subclass of shapepersistent macrocycles because of their heteropolydentate ligand capability. Catalytic
systems for asymmetric epoxidation of olefins have been developed and show moderate
enatioselectivity (55% ee).38 In addition, metal ion complexes with macrocyclic imine
ligands are potential model systems for understanding metalloproteins.39 An extension
of this later work uses imine metathesis for developing analyte specific receptors and
chemical sensors.7
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Synthetic routes towards imine containing macrocycles are often shorter and
higher yielding than phenylene ethynylene macrocycles due to the efficiency of the
imine condensation reaction (Scheme 2.14). The reversibility of each step in the
condensation pathway allows for thermodynamic control of reaction products to be
formed. Typically, only one product is formed during the reaction and no purification
is required.

R1 NH2

OH

O
R2

+H+

R2
R3

R3

NH2
R1

OH
-H+

R2
R3

I
+H+

OH2
R2
R3

II

-H2O

NH
R1

-H+

III

NH
R1

R3
R2

N
R1

IV

Scheme 2.14. Acid catalyzed imine condensation.

The most often used method for hydrolytically stable phenylene imine
macrocycle formation is [n + n], where n is the number of each dicarbonyl and diamine
fragment in the resulting macrocycle.39 Rigid phenylene imine macrocycles result in
systems that have similar physical properties to phenylene ethynylene macrocycles.
Aliphatic diamines or dicarbonyls also undergo [n + n] condensations, but result in
macrocycles that may collapse due a large number of conformations made accessible
by the increased number of degrees of freedom.
Aromatic fragments are used to form conformationally rigid phenylene imine
macrocycles. Robson and coworkers used a [2 + 2] strategy to synthesize macrocycle
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68 under simple acid catalyzed conditions (Scheme 2.15).40 The resulting macrocycle,
and other similar derivatives, have been studied as models of biomolecules due to their
binuclear binding sites.

NH
HCl

+
O

OH O

66

NH2 OH

OH
N

NH2

OH

N
HO

OH HN

67

2Cl-

68

Scheme 2.15. Acid catalyzed [2 + 2] formation of Robson type phenylene imine macrocycle.

Similar systems have been prepared by proton template synthesis. Tian showed
that macrocycle formation of 69 is driven by hydrogen bonding between the phenol
oxygen and the imines.41 When the same reaction was run in Et2O/EtOH rather than a
MeOH/EtOH solution, macrocycle 70 containing two imines and two secondary amines
was isolated. Tian speculated that o-phenylenediamine, 71, acts as both a component
in the reaction but also a reducing agent which produces the secondary imine. The
reduction of imines, however, usually requires H2 at high pressure in the presence of a
metal.

55

NH2

71
N
N

H
H

O
O

H
H

N

NH2

HCl
O

MeOH/EtOH

N

OH O

70%

69

2 Cl-

HCl
Et2O/EtOH

NH
N

OH
HO

N
HN

60%

72

70

Scheme 2.16. Partial in situ reduction of imines during [2+2] cyclooligomerization.

MacLachlan observed a similar in situ reduction of imines during the synthesis
of 75 to form the asymmetrical macrocycle 76 which limits the synthetic utility of the
[n + n] method (Scheme 2.17).42 Attempts to reduce macrocycle 75 by diamine 73
under acid free or commercial CHCl3 (the latter contains residual acid) failed to
produce the partially reduced macrocycle, but did cause metathesis and fragmentation
of the imine macrocycle. However, when the same experiment was conducted with
dicarbonyl 74 in commercial CHCl3, various oligomeric products, including 77, were
observed as well as the monoreduced macrocycle 76. The formation of 76 led to the
conclusion that imine 77 was responsible for the reduction of the imine macrocycles
and not a single coupling partner.
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Scheme 2.17. MacLachlan's imine and partially reduced macrocycles formed by [3+3] condensation.

To support this claim, deuterium labeled macrocycle 79 and fragment 78 were
prepared and reacted under acidic conditions (Scheme 2.18).42 Fragment 80, which
was observed previously, is formed and is in equilibrium with 81. Reduction of 79 may
take place by either a stepwise or concerted mechanism where a hydride (from C-H of
81) is transferred followed by proton abstraction from NH of benzimidazoline 81.
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Scheme 2.18. Proposed mechanistic pathway for in situ reduction of phenylene imine macrocycles.

In solution, macrocycle 75 is thought to be planar having D3h symmetry.43 In
the solid state, the catechol moieties are twisted out of the plane of the
phenylenediimine aryl rings (Figure 2.2). Computational assignment by B3LYP/631(d,p) shows four possible minima on the potential energy surface.

One local

minimum possess Cs symmetry, with respect to the coplanar phenylenediimine groups,
while two of the catechol rings are twisted above and one catechol ring is twisted below
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the place of the macrocycle (I). The C3v symmetric conformation, II, where all three of
the catechol moieties are distorted in the same direction is 1.6 kcal/mol higher in
energy, which may be a result of steric repulsion between the hydroxyl groups. States
III and IV both have one catechol moiety facing exo44 of the macrocycle’s pore and
conformation III is the global energy minimum for the system. In solution, the system
is believed to be interconverting between all four states faster than the NMR time scale
even at -85 °C.

I

II

III

IV

Figure 2.2. DFT calculated structures for macrocycle 75. III is the global minimum.

Additional degrees of freedom for phenylene imine macrocycles also arise from
a crank shaft rotation about the imine bonds. This rotation is not thought to take place
in macrocycle 75 due to steric crowding that would result from an H-exo to H-endo
rotation. Moore and Zhao have synthesized 84 which contains two imine bonds that
could undergo conformational isomerization (Scheme 2.19).45 Although the overall
rigidity of the system was diminished due to the crank shaft motion about the imine
bonds, no significant decrease in solution phase aggregation was observed (see section
2.4 for a discussion of aggregation).

Moore and coworkers have extended each
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fragment to form molecular ladders (Scheme 2.19).46 Series of aldehyde and amine
fragments were condensed using Sc(OTf)3 in CHCl3. The resulting imine series was
reduced with sodium borohydride to preserve the macrocyclic structure and facilitate
analysis. In cases where n = 2 – 6, MALDI analysis shows only the desired structures
being produced and no crossed linked or polymeric material.
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Scheme 2.19. Above: conformation interconversion by “crank shaft” rotation about the imine bonds.
Below: Formation of polyamine ladders by reductive amination. n = 2 to 6.
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n

Moore and coworkers have used similar Sc(OTf)3 methods as a way of
generating imine macrocycles from protected aldehyde and amine fragments.47 This
one pot method removes the dimethyl acetal protecting group and the resulting
aldehyde undergoes cyclization to form an imine macrocycle. The process is general
and yields a variety of macrocycles depending on the substitution pattern.
Asymmetrical cyclic trimers maybe synthesized by the same method using two
symmetrical and one asymmetrical fragment (Scheme 2.20).
TgO

OTg
TgO

88

H2N

NH2

TgO

HN

OTg

O

O
O

89

TgO

OTg

O

1) Sc(OTf)3 1,2,4-TCB
75 oC, 3 h
2) 25 oC, 1mmHg, 5 hr

HN
OTg

TgO

3) NaBH(OAc)3

OTg

NH
OTg
TgO

H2N

91

O

90

O

Scheme 2.20. Multi component phenylene imine macrocycle formation via Moore’s deprotection
method.

2.4. Solution Phase Association
Shape persistent macrocycles have been shown to associate due to non-covalent
interactions into columnar aggregates and are used as supramolecular nanotubes.5
Controlling aggregation in a discrete fashion is difficult, however, incorporating
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moieties such as hydrogen bonding functionalities or aromatic rings allows for site
specific interactions.
Shimizu has developed a shape persistent macrocycle (92) that contain urea
moieties which undergoes hydrogen bonding to self assemble into 93 (Figure 2.3).48
Incorporation of solvent (i.e. acetic acid) is reversible and has been demonstrated by
thermogravimetric analysis (TGA). In the solid state the aromatic diphenyl ether rings
stack in an edge to face rather than face to face which is computationally the lowest
energy structure benzene dimer.
H
N

O
N
H

O

N
H
Self Assembly

O

N
H

H
N

H
N
O

92

O
N
H

H
N

N
H

H
N

O

O
N
H

H
N
O

O
N
H

H
N

H
N
O

N
H

93

Figure 2.3. Non-covalent assembly of macrocycle 92.

However, phenylene ethynylene macrocycles rely solely on weak van der
Waal’s attraction between aromatic rings and/or aromatic and ethynylene moieties.49
Moore and coworkers showed that planarity and the number of aromatic rings affects50
the degree of aggregation between systems.49 A series of cyclic phenylene ethynylene
hexamers were synthesized containing various side chains and the change in chemical
shift of a particular proton was measured by 1H NMR (in CDCl3) as a function of
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concentration.51 The observed change in chemical shift at higher concentrations is
attributed to face to face interactions between two molecules which perturbs the ring
current of the phenyl rings, thus causing an upfield shift in the NMR spectra.
The side chain structure and electronic nature affects the ability of the hexamers
to self-assemble. Moore reports that phenylene ethynylene macrocycles containing
ester moieties show no aggregation dependence on the length of the linear alkyl chain,
hence, 94a-d show similar Kassoc that are reported to be ca. 60 M-1 in CDCl3 (Figure
2.4; Table 2.2).49 This assumes only linear alkyl chains. For 94e that contains a t-butyl
ester group, no concentration dependent chemical shift is observed (Kassoc = ~0 M-1 in
CDCl3). The electron withdrawing nature of the benzoic ester side chains plays an
important role in phenylene ethynylene self-assembly. Macrocycle 95 which contains
electron donating alkoxy side chains, also shows no association in CDCl3, however it is
unclear how the electron rich substitutents perturb the aggregation.

Systems that

contain both electron withdrawing ester and electron donating alkoxy (96 and 97)
functionalities show weak aggregation in CDCl3 with Kassoc = 18 and 26 M-1
respectively.
The cyclic pentamer 98 and cyclic heptamer 99 show association to a lesser
degree in CDCl3, when compared to 94, with Kassoc = 11 and 16 M-1, respectively.49
Although 98 is planar, it contains fewer aromatic rings. Molecular modeling shows
that 99 is non-planar and is flexible, allowing for various conformations to be accessed.
This flexibility decreases the ability of 99 to aggregate in solution due to unfavorable
interactions between aromatic rings from macrocycles in different conformations.
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R1

Table 2.2. Association
constants for 94 - 99 in CDCl3

94a = R1-6 = CO2n-Bu
R6

R2

b = R1-6 = CO2n-C7H15
c = R1-6 = CO2n-C8H17
d = R1-6 = CO2n-C16H33
e = R1-6 = CO2t-Bu

95 = R1-6 = On-C7H15
96 = R1-3 = CO2n-C4H9
R4-6 = OC4H9

R5

R3

Kassoc (M-1)
60
0
0
18
26
11
16

Compd
94a
94e
95
96
97
98
99

97 = R1,3,5 = CO2n-C4H9
R2,4,6 = On-C4H9

R

R4
R

R

R

R

R

R

R

R

98

R
R

R= CO2n-Bu

99

R

R= CO2n-Bu

Figure 2.4. Chain derivatives of macrocycles 94 – 99.49

It is worth noting that the strength of the non-covalent interactions between
phenylene ethynylene macrocycles is sensitive to solvent.52 Solution phase aggregation
of 100 was examined by determining the Kassoc from measuring change in chemical
shift in the 1H NMR spectra in CDCl3, d8-THF, d6-benzene and d6-acetone as a function
of concentration (Figure 2.5; Table 2.3).53 Macrocycle 100 associates more strongly in
polar solvents (Kassoc = 15,000 M-1 in acetone) than non-polar solvents (Kassoc = 50 M-1
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in CDCl3) with the exception of benzene.

The nature of this last interaction is

unknown.
R

R

R

Table 2.3. Kassoc for 100 in
various solvents

R

Solvent
CDCl3
THF
PhH
Acetone

R

Kassoc (M-1)
50
350
1200
15000

R

100
R = CO2(CH2CH2O)3CH3

Figure 2.5. Solvophobically driven aggregation of phenylene ethynylene macrocycle 100.52

Phenylene imine macrocycles have also been shown to undergo solvent induced
aggregation.54 MacLachlan and coworkers observed aggregation of 101 in CDCl3. The
observed Kassoc are consistent to those observed for phenylene ethynylene macrocycles.
However, a study contrasting the association difference between phenylene imine and
phenylene ethynylene has not been conducted. As shown in Figure 2.6, dimerization of
101 is temperature dependant. At 55 °C the Kassoc = 280 M-1 which is approximately
five times smaller than room temperature (Kassoc = 1200 M-1 at 25 °C), indicates that at
higher temperatures 101 exists predominately as the monomer. At lower temperatures
the inverse is true. The Kassoc is 2.2 times greater at 15 °C (Kassoc = 2700 M-1) than
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room temperature. At 5 °C 101 begins to precipitate out of solution, thus causing a
decrease in concentration and results in an increase in the association constant.

C6H13O
N

C6H13O

N

OC6H13

OHHO

C6H13O

N
C6H13O

OC6H13

OH
N

OC6H13

HO
OH N
N

HO

C6H13O

OC6H13
OC6H13

Table 2.4. Temperature dependence of Kassoc
for 101.
C6H13O

OC6H13

Figure 2.6. Above left: Macrocycle 101. Above
right: A plot of chemical shift vs. macrocycle 101
concentration at various concentrations. Below right
variable temperature Kassoc for 101.

Temperature
5
15
25
35
45
55

Kassoc (M-1)
1600
2700
1200
580
290
280

As noted earlier, phenylene imine macrocycles have been used as model
systems for metalloprotein binding pockets.39

Macromolecular assemblies of

individual phenylene imine macrocycles have different UV-vis absorption profiles
compared to monomer unit, making these materials useful for sensors.7 Macrocycles
that contain bissalen (N2O2) motifs are candidates for these systems as well as ion or
metal induced assemblies.55
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Macrocycle 75 undergoes assembly in solution (CHCl3/MeCN 95:5 v/v) in the
presence of alkali metals and NH4 (Figure 2.7). UV-vis spectra for Rb, Cs and NH4
show clear isobestic points indicating the presence of only two species in solution;
presumably monomer and dimer. In cases where Na+ and K+ are added to solutions
containing 75, a similar change in the UV-vis spectra is observed, but no clear isobestic
points are evident, indicating that 75 is forming high order aggregates.

1

H NMR

analysis shows similar trends as phenylene ethynylene macrocycles. An upfield shift of
the aromatic protons is observed because of an increase of electron density around each
proton due to a second aromatic ring in close proximity.

RO

OR

N

N

OH HO
OH

Na+ or K+

HO

N

N
HO

RO

OH

N
RO

N

75

OR
OR

R = n-C6H13

Figure 2.7. Ion induced assembly of phenylene imine macrocycle 75.

2.4.1. Physical Properties: Conclusion
Phenylene ethynylene and phenylene imine macrocycles undergo solution phase
aggregation to form columnar aggregates that can be used as potential ion channels,
liquid crystals or precursors to organic nanotubes. Phenylene imine macrocycles have
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also shown metal induced aggregation due to binding in the salen moieties and could be
used as ion sensors. Side chain size and type (i.e. alkyl, alkoxy, glycol) along with
solvent polarity play an important role in determining the solution phase properties of a
system. Yet, elucidation of side chain derivitization of phenylene imine macrocycles
similar to the size and geometric shape of 100 has not been explored and would give
answers to how polarity within the macrocyclic backbone effects aggregation.

2.5. Optical Properties of Phenylene Ethenylene and Imine Macrocycles
Phenylene ethynylene macrocycles have been shown to possess unique optical
and NLO properties due to a high degree of conjugation.3,56 Several groups have used
the stepwise approach to build discrete phenylene ethynylene macrocycles containing
donor and acceptor moieties to examine the structure-optical response relationship.57
Others have incorporated heteroarenes with the macromolecular framework as
acceptors.24,58 It is clear from this work that conjugation length, molecular polarity
induced by electron rich and poor substituents and planarity affect the optical properties
of these materials.
The macrocyclic framework of fused phenylene ethynylene macrocycles does
not allow for free rotation about the peripheral phenyl rings, thus making the entire
system planar.59 As a result, a bathochromatic shift of 67 nm is observed for 102b
compared to 102a (Figure 2.8; Table 2.5). The fluorescence emission (λem) is relatively
unchanged between the two systems, but the Φ increases from 0.02 to 0.25 for 102 to
103.
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Haley and coworkers synthesized fused phenylene ethynylene macrocycles
containing donor and acceptor moieties in particular locations about the conjugated
scaffold.59 The various positions allow for multiple possible conjugated pathways for
these donor/acceptor systems (Figure 2.8). The addition of donor/acceptor moieties
show ~60 nm bathochromatic shift of the long λabs compared to the non-rigid forms.
Similar to the unsubstituted 102a and 102b, donor/acceptor fused macrocycle display
similar λem but higher Φ values than the linear forms.60

R1

R2

102b = R1 = R2 = R3 = R4 = n-Bu
103 = R1 = R2 = Bu2N
R3 = R4 = NO2

104 = R1 = R3 = Bu2N
R2 = R4 = NO2

105 = R1 = R4 = Bu2N

102a
R4

R1

R3

R2 = R3 = NO2

R2

Table 2.5. Optical Properties of 102 – 106.
Compound
102a
102b
103
104
105
R4

λabs (nm)
350
417
491
473
456

λem (nm)
506
513
560
580
565

Φ
0.02
0.23
0.17
0.06
0.11

R3

Figure 2.8. Fused macrocyclic backbone locks in terminal phenyl rings producing a highly planar
conjugated system. Potential conjugated pathway (blue arrows) from electron donor at R2 to electron
acceptor moieties at R1, R3 or R4 positions.
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The same group has prepared a series of different size and geometric shape
fused phenylene ethynylene macrocycles (Figure 2.9).23,61 The increasing size and
shape provides insight into the potential physical, optical and electronic properties of
graphdiyne, 40.20 Significant bathochromatic shifts are observed for systems with an
increased conjugation length. Fused macrocycles that contain two linear phenylene
diyne units as in 107 and 108 exhibit a bathochromatic shift of the highest energy
absorbance bands of ca. 42 nm (Table 2.6) relative to 42. Fused 109 does not contain
more than a single phenylene diyne unit and as a result shows a λabs at 347 nm, only a
17 nm shift with respect to 42.
Larger systems containing three or four fused macrocycles in various isomeric
arrangements show greater shifts of the high energy bands.61 110 and 111 absorb
strongly at 392 nm and 398 nm, respectively, which is a ca. 85 nm bathochromatic shift
compared to 42. Interestingly, 112 shows the most significant shift of its high energy
band towards lower energy (λabs = 415 nm) even though it does not have the longest
linear conjugated pathway. This suggests that expanding the linear conjugation of
fused phenylene ethynylene macrocycles beyond four phenylene diyne units would
have little to no optical advantage over currently known systems.
The low energy bands for these systems however, show an interesting trend in
the molar absorptivities (ε).61 ε increases with the number and length of the longest
conjugated pathway. Macrocycle 42 exhibits long wavelength absorption at 369 nm
with an ε of 21,000 M-1 cm-1. System 109, in which the longest conjugated segment is a
single phenylene diyne unit, shows a similar ε value of 21,370 M-1 cm-1. As with
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absorbance, 112 shows greater ε of the high energy bands value of 295,000 M-1 cm-1
compared to the extended 111 with a ε of 263,000 M-1 cm-1. This is due to the larger
number of repeat units (three for 112 and one for 111). Expanding the π-conjugation of
known systems into various other subunits of graphdiyne could yield materials with
interesting optical properties with high molar absorptivities and quantum yields.

107

42

=

109

108

110

=

=

R
n-Dec or
R = 3,5-di-t-butylbenzene

112

111
Figure 2.9. Fused phenylene ethynylene macrocycles of various size and geometric arrangements

Table 2.6. Optical Property of 42, 107 – 112.

Compound
42
107
108
109
110
111
112

Low energy λabs
(ε, M-1 cm-1)
330 (69,400)
376 (48,600)
366 (119,670)
347 (178,080)
392 (256,000)
398 (391,000)
415 (264,000)
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High Energy λabs
(ε, M-1 cm-1)
369 (21,110)
431 (67,000)
420 (65,970)
410 (21,370)
454 (130,000)
462 (263,000)
448 (295,000)

It is worth mentioning that organic molecules with donor/acceptor moieties
have been shown to exhibit high second order NLO responses. Many donor/acceptor
systems have net dipoles which leads to unit cells that are centrosymmetric, thus
diminishing or eliminating the NLO response.

Asymmetric and C3 symmetric

molecules which do not possess a permanent dipole or a center of symmetry in the solid
state, circumvent this issue by maintaining a highly hyperpolarizability (β) framework.
Discrete synthesis of phenylene ethynylene macrocycles that contain donor/acceptor
moieties lead to highly conjugated materials with that exhibit high β values.
Additionally, the stepwise synthesis of these molecules allows for a large number of
arrays to be synthesized and fine tuned.
Systems 113a-d show high β values ranging from 3.8 x 10-28 esu to 21.2 x 10-28
esu. By comparison linear 1-D systems show much lower β values ranging from 21 x
10-30 to 10 x 10-30 esu. The larger β values for 113a-d makes these highly conjugated
2-D networks some of the more active NLO organic materials known.
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Table 2.7. Phenylene ethynylene macrocycle display high second order NLO properties
R1

R2

R6

R3
R15

Compound
113a
113b
113c
113d

R4

R
R2
R3
R4
R5
R6
NO2
H
H
H
H NBu2
NO2 NBu2 H
H
H
H
NO2
H
H NBu2 NO2
H
NO2 NBu2 NO2 NBu2 NO2 NBu2

2.6. Conclusion
Phenylene ethynylene macrocycles possess unique physical and optical
properties. With the recent advances in Pd-coupling reactions large discrete graphyne
and graphdiyne subunits can be prepared that otherwise could not be synthesize and/or
isolated. Yet with all the work that is being conducted in this area, few phenylene
ethynylene macrocycles that contain a biaryl moiety have been synthesized.
optical properties and reactivity of these systems are currently unknown.
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CHAPTER 3: SYNTHESIS AND OPTICAL PROPERTIES OF BIARYL
PHENYLENE ETHYNYLENE MACROCYCLE

3.1. Introduction
It has long been recognized that polyaromatic hydrocarbons of various size and
structure possess unique physical, optical and electronic properties.1

Planar 2-D

systems such as pentacenes have received an enormous amount of attention because the
solid state structure allows for high charge mobility.2 Larger graphitic arrays have been
used as liquid crystals,3 molecular wires and large dendritic scaffolds.4

Three

dimensional networks consisting entirely of sp2 hybridized carbons (i.e. fullerenes and
CNTs) also exhibit interesting physical, optical and electronic properties.5
Additionally, CNTs are extremely strong but flexible, making them one of the most
unique and potentially versatile organic materials.6 C60 has been incorporated into light
harvesting materials and exhibits high charge mobility.7 SWCNTs however, are far
less common in these types of materials due to polydisperse synthesis and poor
understanding of functionalization patterns. Rational syntheses of discrete SWCNTs
segments have been undertaken by several groups and would yield insight into the
types, location and affects that chemical modifications have on physical, electronic and
optical properties of SWCNTs.8
Phenylene ethynylene macrocycles have been shown to undergo facile DielsAlder cycloadditions with cyclopentadienones.9 For this reason, macrocycle 14 has
been identified as a precursor towards the synthesis of a [9,0] SWCNT segment. Diels-
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Alder cycloaddition between 14 and 3,4-diphenylcyclopentadieneone (15) would yield
a three dimensional polyaromatic hydrocarbon network that could undergo Scholl
oxidation to yield SWCNT segment 17 (Scheme 3.1).

7Å

11 Å

14

17

15
Scholl Oxidation

Diels-Alder
Cycloaddition

14
16

17

Scheme 3.1. Above: Macrocycle 14 as a precursor towards (9,0)-SWCNT segment 17. Below: Colored
schematic accounting form all atoms in the proposed (9,0)-SWCNT segment.

(9,0)-SWCNTs are zig-zag tubes and are zero band gap semiconductors.10
Segment 17 is 7 Å in diameter and 11 Å in length. The small diameter would give 17 a
highly reactive sidewall that would allow for functionalization by Diels-Alder11 or 1,3dipolar cycloadditons.12 The short length of these segments would allow for a better
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understanding of specific reactive sites by allowing for chemical identification by 1H,
13

C NMR and X-ray crystallography. Characterization of functionalized 17 would also

give insight into how a single modification of a SWCNT sidewall affects the system
towards further functionalization as well as how covalent derivatization perturbs the
optical and electronic properties of larger SWCNTs.
Phenylene ethynylene macrocycle 14 is expected to be highly fluorescent due to
its highly conjugated backbone. Similar systems exhibit quantum yields (Φ) ca. 0.20
and are known to possess some of the highest second order NLO properties for organic
chromophores.13

It is unclear how the biaryl moiety will affect the system’s

conjugation and optical properties and is important in understanding structure/function
relationship of phenylene ethynylene macrocycles.

3.2. Retrosynthetic Analysis
Macrocycle 14 could be formed from either cyclooligomerization of fully
deprotected fragment 114 or by a linear split pool approach from the silyl protected
alkyne 115 and aryl halide 116 (Scheme 3.2). In both cases the C3 symmetry of 14 is
exploited by tracing each route to a single doubly protected monomer fragment 117.
Either trimethylsilyl (TMS) or triisopropylsilyl (TIPS) groups would act as protecting
groups for the free ethynylene, while the diethyltriazene acts as a masking group for an
aryl halide. This latter group has been employed in several phenylene ethynylene
macrocycle syntheses and is easily and efficiently removed by MeI at 120 °C, typically
in quantitative yields.13,14
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N3Et2

R

H

N3Et2

115

116

I

R

117
R = TMS or TIPS

14

H

114

Scheme 3.2. Two retrosynthetic pathways from macrocycle 14 to bisprotected monomer 117.

Monomer 117 could be synthesized by first establishing the biaryl moiety
followed by functional group manipulation to convert the nitro group to a diethyl
triazene moiety and the aldehyde to a protected ethynylene (Scheme 3.3; Route A).
This route is attractive since both 118 and 119 are commercially available and fairly
inexpensive. A second possible approach would be to establish the diethyltriazene
group prior to biaryl formation (Scheme 3.3; Route B). A convergent approach would
couple two aryl rings that have the pre-established triazene and ethynylene moieties
already in place (Scheme 3.3; Route C). This latter approach would also allow for easy
derivatization of either fragment depending on the desired functionalization pattern.
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Scheme 3.3. Retrosynthetic pathways for bisprotected monomer 117.

In all proposed routes, Suzuki coupling would be employed to establish the
biaryl functionality. This methodology allows for good functional group tolerances
over other organometallic methods which, in some cases calls for metal-halogen
exchange under relatively harsh conditions.15

Coupling of any of the proposed

substrates requires mild conditions due to the possibility of nucleophilic addition to the
aldehyde carbonyl or possible deprotection of the silyl ethynylene by base. Suzuki
coupling has been demonstrated to be highly efficient for an array of substrates
including sterically hindered ortho substituted aryl rings.16
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3.3. Biaryl Phenylene Ethynylene Macrocycle Synthesis
3.3.1. Monomer 117 Synthesis by Route A

NO2
NO2

B(OH)2
CHO

Cl2Pd(PPh3)2
2 M aq Na2CO3

CBr4, PPh3
Zn

DMSO, 80 oC
I

118

119

NO2

CHO

CH2Cl2

86%

Br

25%

Br

124

123
NO2
a) 2.2 eq. n-BuLi
THF

1) Fe, HCl,
EtOH, H2O

TMS

b) TMSCl

N

N
N

2a) NaNO2, HCl
MeCN H2O
b) Et2NH, K2CO3
H2O

125

TMS

117

Scheme 3.4. Route A toward bisprotected monomer 117.

Suzuki coupling of 1-iodo-4-nitrobenzene (118) with 2-formylphenylboronic
acid (119) using Cl2Pd(PPh3)2 and 2 M Na2CO3 (aq) in PhH and EtOH produced the
desired product 123 in 51% yield. It was found that simply changing the solvent to
DMSO gave the desired biaryl in 86% yield. Functional group manipulation of the
aldehyde to the protected ethynylene was attempted using Corey-Fuchs methodology.
This method however, did not provide a high yield of 125 due to poor conversion of
123 to the vinylogous dibromide 124. Screening of both the number of equivalents and
ylide activation time did not yield the desired product (Table 3.1). Water quenching of
the phosphorous zwitterion intermediate to give triphenylphosphene oxide and CHBr3
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was thought to be inhibiting the reaction. When the reaction was run in the presence of
4 Å molecular sieves, the desired product was isolated in only 25% yield. Further
attempts to optimize the reaction conditions failed to provide a greater conversion of
124. Lithiation of the dibromide 124 failed to produce the ethynylene and this route
was abandoned.

Table 3.1. Generation of dibromide via Corey-Fuchs method.
NO2

NO2
Conditions
CHO

Br
Br

Entry
1a
2b
3a
4a

123 (equiv)
2
4
10
2

CBr4 (equiv)
2
4
10
2

PPh3 (equiv)
2
4
10
2

Zn (equiv)
2
4
10
2

a) 30 minute activation of phosphorus ylide. b) 12 hour activation period
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% Product
0
0
0
25

3.3.2. Monomer Synthesis by Route B
N3Et2

N3Et2

Cl2Pd(PPh3)2
2 M aq Na2CO3
PhH/EtOH
NH2

I

126

a) NaNO2, HCl
MeCN H2O
b) Et2NH, K2CO3
H2O
97%

N3Et2

CHO

70%

CBr4, Et3N
PPh3
58%

127

Br

CH2Cl2

Br

128

119
N3Et2

I

120

B(OH)2
Br

Cl2Pd(PPh3)2, CuI
THF/Et3N
Br

129

Pd(PPh4)4
Na2CO3 (aq)
DMSO
64%

a) n-BuLi,
THF
b) I2

117

TMS

130a R = Br
130b R = I
100%

Scheme 3.5. Proposed monomer formation by Route B.

Formation of diethyl triazene 120 occurred smoothly by diazonium formation of
4-iodoaniline followed by the addition of diethyl aniline under basic conditions. 120
was coupled under Suzuki conditions with 119 in good yield to form 127 in 70% yield.
As with previous routes, attempts to convert the aldehyde moiety to the ethynylene
failed. However, fragment 127 was converted to the dibromide 128 in modest 58%
yield. All attempts to convert 128 to 117 via 2.2 equivalents of n-BuLi followed by
TMSCl produced only trace amounts of 117 as evident in the 1H NMR spectrum.
Triazene 120 was also coupled to 2-bromophenyl boronic acid 129 in good
yield using Pd(PPh3)4 and Na2CO3 (aq) in DMSO. Coupling 130a with either TMS
ethynylene or TIPS ethynylene returned only starting material even when heated to 85

85

°C. In order to improve the efficiency of this coupling reaction, 130a was converted to
the biaryl iodide 130b. Cross coupling of the iodide with TMS ethynylene yielded a
mixture of unidentified products from which 117 was not isolated.

3.3.3. Monomer 117 Synthesis by Route C
Monomer 117 was obtained in good yield using a convergent approach (Scheme
3.6). After attempts to generate the boronic acid derivative of 120 via lithiation and
quenching with triisopropyl borate, it was found that boronation of triazene 120 took
place using bis(pinacolato)diboron, Cl2Pd(dppf) and KOAc in DMSO in good yield.17
The protected ethynylene coupling partner (122) was prepared by exploiting the
reactivity of aryl iodides over aryl bromides. TIPS acetylene was coupled selectively at
the iodide position of 1-bromo-2-iodobenzene 132 without observing any bisadduct or
requiring purification of the product.18 Suzuki-Miyaura coupling of the boronate ester
121 and ethynylene 122 was performed using Cl2Pd(dppf), K3PO4 in DME to give the
biaryl monomer 117 in good yield.19
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Scheme 3.6. Convergent approach to monomer 117.

3.3.4. Macrocycle 14 Formation by Cyclooligomerization
Cyclooligomerization of aryl ethynyl halides yields a mixture of linear and
cyclic oligomers of various lengths. Product ratios of cyclic dimer, trimer and tetramer
are dependant on rigidity, sterics and reaction concentrations.20,21 It is expected that
133 would yield strain free cyclooligomers due to the presence of the ortho phenyl ring
and the absence of large bulky groups.
Ethynyl iodide 133 was prepared by unmasking the aryl halide via MeI at 120
ºC in a sealed tube22 followed by silyl deprotection by TBAF in THF/MeOH.
Cyclooligomerization of 133 was attempted under dilute (18.0 mM) conditions in the
presence of 0.05 mol% of Cl2Pd(PPh3)2 in 0.01 mol% of CuI in THF/Et3N solution to
yield a mixture of products which could not be separated (Scheme 3.7).
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Scheme 3.7. Above:
Cyclooligomerization of fully
deprotected monomer unit 133.
Right: Aromatic region of the
1
H NMR after purification of the
cyclooligomerization products.
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This result however is not surprising since large phenylene ethynylene
macrocycles are known be sparsely soluble in organic solvents.14 Also, the all carbon
and hydrogen backbone does not allow for separation of linear and cyclic oligomers
because of the lack of polarity differences.

Polymeric material is thought to be

eliminated during the purification process due to poor solubility in organic solvents.
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3.3.5. Computational Analysis of Cyclic Aryl, Biaryl and Terphenyl Macrocycles
The presence of both linear and cyclic oligomers of various size is not
unexpected from cyclooligomerization and has been shown to occur in various systems
under a wide array of reaction conditions (see Chapter 2.2.1).20,23 In some of these
reports

the

cyclotrimer

and

cyclotetramer

products

isolated

from

o-

iodoethynylenebenzene precursors were relatively unstrained.24 Other studies have
found strained cyclic dimeric species along with unstrained cyclotrimers and
cyclotetramers.20
Based on this work, the cyclic dimer 134, cyclic trimer 14 and cyclotetramer
135 were examined computationally. In addition, 57, 20 and 21 with only ortho
substituted phenyl rings as well as o-terphenyl macrocycles 136 – 138 were examined.
Geometry optimization and single point energies were calculated at various levels of
theory using Gaussian 03. The energies tabulated in Table 3.2 are per repeat unit and
normalized to the cyclotrimer.
For smallest cyclooligomers that contain only ortho substituted rings, it is no
surprise that the cyclodimer 57 is much higher in energy than either the cyclotrimer or
tetramer. Molecular mechanics (MM2) shows that the cyclodimer 57 is 32 kcal/mol
higher in energy than either the cyclotrimer or tetramer. All quantum mechanical
methods show a much lower energy difference between the cyclodimer and
cyclotrimer, ranging from ca. 19 kcal/mol for AM1 and ca. 15 kcal/mol for the DFT
computation. The 13 kcal/mol difference between the quantum mechanical methods
and molecular mechanics is most likely due to the closed π-system. This rationale can
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be extended to the energy difference between the cyclotrimer and tetramer.

The

cyclotetramer is bowl shaped, thus not allowing for orbital overlap and a closed πnetwork.
The biaryl system shows similar energy trends as the previous systems. The
cyclodimer is ~10 kcal/mol higher in energy than 14 and has the two para-substituted
rings co-planar with one another. This affectively gives dimer 134 the appearance of
an extended cyclophane. The dihedral angle between the biaryl moiety decreases from
90° to 56° in the cyclotrimer. Cyclic tetramer 135 shows a similar dihedral (57°) for
the biaryl moiety as well as a similar bond angle to that of the cyclic trimer, thus
making these systems nearly isoenergetic on the basis of each repeat unit.
The constrained cyclic array of the terphenyl dimer forces the two parasubstituted rings to be nearly co-planar, while being orthogonal to the ortho-substituted
ring. In the cyclotrimer case only the central ring is twisted out of the plane of the
macrocycle, and thus allows for a planar diphenylethynylene subunit. This subunit
exists in the cyclotetramer 138 and as in the previous two systems both cyclotrimer and
cyclotetramer are strain free and nearly isoenergetic.
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Table 3.2. Energies of various phenylene ethynylene macrocycles. Normalized per repeat unit and
compared to the cyclic respective trimer. Energies are in kcal/mol

57
Method
MM2
AM1
HF/6-31G(d)
B3LYP/6-31G(d)

20
Cyclotrimer
0
0
0
0

Cyclodimer
32.5
18.8
17.4
15.0

21
Cyclotetramer
-4.1
0.2
0.4
0.7

134
Method
MM2
AM1
HF/6-31G(d)
B3LYP/6-31G(d)

14
Cyclotrimer
0
0
0
0

Cyclodimer
21.3
9.3
10.7
10.0

135
Cyclotetramer
-6.9
-0.4
-0.8
-0.7

136

Method
MM2
AM1
HF/6-31G(d)
B3LYP/6-31G(d)

137
Cyclotrimer
0
0
0
0

Cyclodimer
15.9
6.5
8.5
8.2
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138
Cyclotetramer
-13.0
-0.2
-0.1
N/A

In all cases the cyclodimers have the highest energy per monomer unit
compared to the respective cyclotrimers. This is likely due to bond angle distortions
arising from the constrained network. Cyclotrimer and cyclotetramer are close in
energy (with the exception of MM2 computations) for all systems, which is expected
because little to no bond angle distortions are occurring. The difference in energy then
may be attributed to slight errors in the computational methods (i.e. over- or underestimating ring currents).
3.3.6. Stepwise Synthesis of Macrocycle 14
Analytically pure samples of 14 were obtained by a linear stepwise approach
(Scheme 3.8).

Triazene 117 was orthogonally deprotected by removing the

diethyltriazene masking group with MeI at 120 °C in 98% yield or by removing the
silyl protecting group by TBAF to give 116 in 90% yield. The resulting fragments
were coupled under Sonogashira conditions to afford the linear dimer, 139 in 75%
yield. After removal of the diethyltriazene group the aryl halide underwent a second
coupling reaction with 116 to afford the linear trimer 140 in 67% after purification.
Subsequent removal of the diethyl triazene moiety of the linear trimer proceeded
smoothly in 94% yield. A second ethynyl deprotection by TBAF followed by ring
closure coupling gave the cyclotrimer in 35% over two steps as a sole product.
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100%
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2) TBAF, THF
83%
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67%
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H
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Pd(dba), PPh3, CuI
Et3N
45%
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Scheme 3.8. Stepwise synthesis of cyclotrimer 14.
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3.3.7. Synthesis Side Chain Derivatized Macrocycle 142
Macrocycle 14 is sparsely soluble in organic solvents which makes analytical
analysis difficult and could hinder reactivity of 14 towards proposed cycloaddition
reactions. In order to improve the solubility of 14, alkyl side chains were installed in
locations of the monomer unit such that they would not inhibit either the reactivity of
the ethynylene units or the oxidation of the 3-D polyaromatic network to provide the
[9,0] SWCNT.
R
N3Et2
R
TIPS

R

R

R

R

142

R

143

144

Scheme 3.9. Strategic placement of alkyl side chains allows for substituted [9,0] SWCNT derivatization.

Substituted monomer 144 was prepared by selective monoiodination of 4-noctylaniline using [BnNMe3]ICl2 in anhydrous MeOH and CH2Cl2 (Scheme 3.10).
Triazene formation of 145 occurred smoothly under similar reaction conditions as
before, however, THF was added to in order to solubilize the diazonium ion prior to
addition of diethylamine since the n-octyl functionality inhibits the systems from
dissolving in purely aqueous conditions. Pd-catalyzed cross coupling of triazene 147
and TIPS ethynylene occurred in good yield to afford 148. Triazene decomposition via
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MeI at 120 °C afforded the aryl iodide which was coupled to the boronic ester 121 in
82% yield.

NH2

NH2
+

[BnNMe3] ICl2

I

-

CaCO3, MeOH
CH2Cl2

n-octyl

n-octyl

71%

145

N3Et2

a) NaNO3, HCl, THF
H2O, CH3CN

I

b) Et2NH, K2CO3
H2O

n-octyl

94%

146

TIPS
Cl2Pd(PPh3)2, CuI
Et3N
84%

147
N3Et2

N3Et2

TIPS

I

TIPS

o

121, Cl2Pd(dppf), K3PO4

MeI, 120 C

DME, 80 C
82%

89%
n-octyl

148

TIPS

o

n-octyl

149

n-octyl 144

Scheme 3.10. Forward synthesis of biaryl substituted monomer 144.

As with the previous unsubstituted monomer, 144 underwent triazene
decomposition followed by silyl deprotection using TBAF in THF/MeOH to give 150
in 85% yield over two steps (Scheme 3.11). Cyclization of 150 by Cl2Pd(PPh3)2 in
PhCH3/Et3N with CuI as a co-catalyst yielded four distinct fluorescent spots upon thin
layer chromatography (TLC) analysis. Isolation of these spots was laborious requiring
purification of the material by five silica flash columns using hexanes and 5% CH2Cl2
as the eluent. Upon purification, only two products were cleanly isolated which were
identified by 1H NMR spectroscopy and MALDI-TOF mass spectrometry as the
cyclotrimer 143 and the cyclotetramer 151. A third fraction was isolated which was a
mixture of these two compounds, while the last spot could not be flushed from the
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column even with high volumes of non-polar and/or polar solvents. This is indicative
of large linear and possible cyclic oligomer and polymeric material, although no
analysis was performed on the crude reaction mixture to confirm this theory.

N3Et2

I

TIPS

1) MeI, 120oC

H

Cl2Pd(PPh3)2, CuI
Et3N, PhCH3

2) TBAF, THF
R = n-octyl
81% Two Steps

R

R

150

144

R

R
R
R

+

R
R

143

R

12%

151
6%

Scheme 3.11. Cyclooligomerization of n-octyl substituted precursor 150.

The presence of cyclic trimer 143 was expected, however, the isolation of cyclic
tetramer is surprising since previous cyclization of o-terphenyl macrocycle precursor
153 yielded a mixture of cyclic trimer 155 as well as strained cyclic dimer 154 (Scheme
3.12).25 In the latter system no evidence of cyclic tetramer was reported. As described
in Section 3.3.5, computational data suggest cyclodimer macrocycles in both the biaryl
and terphenyl systems are ca. 10 kcal/mol per monomer unit higher in energy than the
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respective cyclotrimers 14 and 138 which are isoenergetic with the respective
cyclotetramers.
N3Et2

I

1) MeI, 120oC
TIPS

Pd(PPh3)4, CuI

2) TBAF, THF

H

Et3N, THF

R = n-octyl
98% Two Steps
R

R

152
R

153

R

R

155
R

R

154

Scheme 3.12. Cyclooligomerization of o-terphenyl 153 yields strained cyclodimer 154 and cyclotrimer
155.

The formation of terphenyl cyclodimer 154 and biaryl cyclotetramer 151 may
be due to difference in concentration of the reactions since Pd catalyzed
cyclooligomerization are kinetically controlled. The cyclization of terphenyl precursor
153 was run at 0.016 mM using Pd(PPh3)4 in THF/Et3N. The biaryl cyclization was run
at more concentrated reaction conditions 1.80 mM, in PhCH3/Et3N which was reported
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to favor precipitation of macrocyclic structures.

There is however, an additional

discrepancy between the two reactions; that being the different Pd-catalyst used.
Pd(PPh3)4 is believed to be a “hotter” and more active catalyst than Cl2Pd(PPh3)2.
Mechanistically the active species are the same. Thus the isolation of dimer versus
tetramer is more likely due to a concentration affect than a catalyst one.

3.3.8. Conclusion
Unsubstituted macrocycle 14 has been prepared via a stepwise approach and
cyclooligomerization. The latter approach formed an inseparable mixture of linear and
cyclic oligomers. Functionalized 143 however, could be prepared and isolated by
cyclization of biaryl ethynyl halide 150. In addition, cyclic tetramer 151 was isolated
albeit in low yield.

Previous syntheses of terphenyl macrocycles by this method

yielded a strained cyclic dimer 157. This last reaction was run at 100 fold dilution over
the biaryl system and suggests that product ratios of macrocyclic structures (i.e. dimer
vs. trimer vs. tetramer) could potentially be controlled by dilution.

3.4. Optical Properties of Biaryl and Terphenyl Macrocycles
Phenylene ethynylene macrocycles have been explored as materials for
applications in molecular electronics,26 and nonlinear optics (NLO) materials.27 The
two dimensional conjugated networks allow large delocalization of the π network, thus
giving these material unique optical properties. Geometric size, shape and planarity all
play an important role in both the absorption wavelength, molar absorptivity (ε) and
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emission properties of the system.28,29

Planarity for all the biaryl and terphenyl

macrocycles is perturbed by the twisting of the phenyl-phenyl ring junctions of the
biaryl and terphenyl moieties. The effect that the biaryl and terphenyl moieties have on
the optical properties was examined by UV-vis and fluorescence spectroscopy.

3.4.1. Absorption Properties of Biaryl and Terphenyl Macrocycles
Absorption properties of all biaryl and terphenyl macrocycles were examined in
a variety of solvents, since solvent polarity has been shown to effect the absorption, and
emission wavelength as well as the quantum yields (Φ) of organic molecules.30
Unfortunately, complete comparison of all macrocycles in pentane, benzene, THF and
CHCl3 was limited due to solubility. In most cases a λmax could be obtained even
though ε could not be determined since solid material was present in the sample.
In pentane, n-octyl biaryl cyclotrimer 143, n-octyl terphenyl cyclotrimer 155
and n-octyl terphenyl cyclodimer 154 exhibit single absorption bands at 296 nm, 306
nm and 312 nm, respectively (Figure 3.1).

Biaryl 143 does show a high energy

shoulder near 264 nm and a high energy shoulder at ca. 330 nm. Substituted biaryl
cyclodimer 151 shows two λmax at 282 nm and 303 nm.
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Figure 3.1. UV-vis absorbance of substituted biaryl and terphenyl macrocycles in pentane. R = n-octyl.

Solubility of all biaryl and terphenyl systems increased in benzene allowing for
full analysis and comparison. Linear terphenyl trimer 156 exhibits a λmax at 295 nm
which bathochromatically shifts by 9 nm upon cyclization to form the cyclic trimer 137
(λmax = 304 nm). This is due to an increase in conjugation moving from the linear to the
cyclic system.28 n-Octyl terphenyl cyclic trimer 155 is further red shifted by 6 nm
compared to the unsubstituted 137. All terphenyl macrocycles display broad absorption
spectra compared to the biaryl systems.
Biaryl macrocycles behave differently in benzene than in pentane. There is
surprisingly no difference in the λmax for the linear and cyclic trimers biaryl 141 and 14
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(as seen with the terphenyl system), which was expected and both absorb ca. 300 nm.
In addition alkyl substitution causes an increase in ε over the unsubstituted cyclic trimer
(14: λmax = 300 nm, ε = 34,253 M-1 cm-1; 143: λmax = 299 nm, ε = 19,734 M-1 cm-1).
Biaryl cyclic tetramer 151 displays a λmax at 310 nm with a shoulder at 341 nm and has
the lowest molar absoptivity of any biaryl or terphenyl macrocycle examined (λmax =
310 nm, ε = 7373 M-1 cm-1).
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Figure 3.2. UV-vis absorption of biaryl and terphenyl macrocycles in benzene. R = n-octyl.
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The absorption spectra of biaryl and terphenyl macrocycles show different
optical properties in more polar solvents, CHCl3 and THF.

In THF the linear biaryl

trimer 141 shows two absorption maxima in THF (λmax = 260 nm and 301 nm) while
the linear terphenyl trimer 156 shows a single broad absorption maxima at 294 nm.
Both the unsubstituted biaryl trimer 14 and n-octyl biaryl cyclic trimer 143 show single
absorption maxima at 296 nm and 302 nm and shoulders at 285 nm and 307 nm
respectively.
Unsubstituted terphenyl substrates could not be analyzed in CHCl3 due to
insolubility, however substituted cyclic trimer 155 shows a λmax at 305 nm and has two
distinct shoulders at 320 nm and 337 nm. Cyclodimer 154 displays the lowest ε of any
system examined with ε= 4765 M-1 cm-1 at λmax at 305 nm. Both terphenyl cyclodimer
and cyclotrimer exhibit similar vibrational fine structure near 274 nm.
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Figure 3.3. UV-vis absorption of biaryl and terphenyl macrocycles in THF. R = n-octyl.

All macrocycles exhibit a bathochromatic shift in the absorption spectra in
CHCl3 compared to THF and show similar trends. Both terphenyl 137 and 154 show
similar λmax at ca. 305 nm and vibrational fine structure at 274 nm. Terphenyl 155
exhibits the most red shifted λmax at 315 nm compared to all systems analyzed.
Unsubstituted biaryl linear trimer 141 shows two absorption maxima at 268 nm and 298
nm while cyclic trimers 14 and 143 are slightly red shifted at 300 nm and 303 nm
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respectively. Both exhibit the hightest ε compared to all systems with ε values of
19,850 M-1 cm-1 for 14 at 300 nm and 21573 M-1 cm-1 for 143 at 303 nm. As observed
in previous solvents, biaryl cyclotetramer exhibits two λmax at 286 nm and 308 nm.
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Figure 3.4. Absorption spectra of biaryl and terphenyl macrocycles in CHCl3. R = n-octyl.
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3.4.2. Solvent Dependence on UV-vis Absorption
There is little to no solvent dependence on absorption for cyclotrimers 155
(Figure 3.5) and 143 (Figure 3.6). Terpehnyl trimer 155 exhibits similar absorption
maxima near 310 nm with vibrational fine structure at 274 nm in THF.

Biaryl

cyclotrimer 143 does not display consistent λmax in the solvents examined.

A

significant bathochromatic shift (15 nm) is apparent between pentane and CHCl3 while
in THF and benzene 143 exhibits similar absorption near 300 nm.
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Figure 3.5. Terphenyl macrocycle 155 shows only slight solvent dependence in the UV-vis specta.
Benzene (blue; λmax = 309 nm), CHCl3 (pink; λmax = 314 nm), THF (green; λmax = 304 nm), Pentane (red;
λmax = 313 nm). * 155 could not be normalized due to insoluble material observed in UV-vis sample.
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Figure 3.6. Absorption spectra of 143 in various solvents. Benzene (blue; λmax = 300 nm), CHCl3 (pink;
λmax = 312 nm), THF (green; λmax = 301 nm), Pentane (red; λmax = 297 nm).

Several groups have shown that conjugation length results in a bathochromatic
shift in absorption spectra.31,32 Although the terphenyl cyclotrimer shows a dihedral
angle of 56° for the central phenyl ring, the conjugation is not interrupted to a
significant extent, thus causing a red shift in the absorption spectra compared to its
biaryl counterpart. This trend exists in all solvents tested although the extent of the
shift increases as solvent polarity decreased. CHCl3 and THF show a shift of 1 nm to 2
nm each, while non-polar solvents benzene and pentane cause a larger red shift of 9 nm
and 18 nm respectively.
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3.4.3. Ring Size and Geometry Effects on UV-vis Absoption
Several groups have examined the varying effects of ring strain on absorption
properties of conjugated ethynylic systems.33 In the case of the biaryl and terphenyl
systems, ring strain is accompanied with perturbation of the aryl-aryl dihedral angles.
Deformation from planarity by the central phenyl ring in the terphenyl cyclotrimer, 155
is amplified from 56° to 73° by removing a single repeat unit to form the terphenyl
cyclodimer 154. The constrained network also causes a para-substituted phenyl ring to
rotate out of the plane of the macrocycle potentially causing further interruption of the
cyclic π-nework.
UV-vis absorption measurements however, show similar transitions for both
systems in all solvents. This indicates that either π-conjugation is not occurring in both
systems and absorptions are a result of individual subunits or that delocalization about
macrocycle is not disrupted. In all cases, 155 exhibits greater molar absorptivity which
is likely due to an increase in molecular size rather than molecular conjugation.

Table 3.3. λmax and ε of n-octyl terphenyl cyclodimer and cyclotrimer

Solvent
Pentane
Benzene
CHCl3
THF

154 λmax (ε)
306 (N/A)
307 (9,768)
307 (6,158)
305 (4,755)

155 λmax (ε)
312 (N/A)
309 (11,202)
315 (11,998)
305 (10,927)

Although both biaryl cyclic trimer 143 and cyclic tetramer 151 are strain free with
similar dihedral angles for the aryl-aryl linkages (57° and 56° respectively), the two
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dimensional π-network is disrupted in the cyclotetramer by being extended in a third
dimension. This may explain the decrease in the ε between the two systems.

Table 3.4. λabs and ε of n-octyl biaryl cyclotrimer and tetramer.

Solvent

143 λmax (ε)

Pentane

296 (20,265)

Benzene

303 (34,131)

CHCl3

302 (21,667)

THF

302 (15,843)

151 λmax (ε)
283 (14,545)
323 (14,436)
309 (7,395)
285 (12,267)
306 (12,217)
285 (7,523)
307 (7540)

3.4.4. Emission Properties of Biaryl and Terphenyl Macrocycles
All unsubstituted and alkyl substituted macrocycles and linear trimers 141 and
156 are highly fluorescent in solution. Emission properties of these compounds were
analyzed in benzene and quantum yield was determined using pyrene as a standard. All
macrocycles displayed large Stokes shifts which is indicative of large conjugated
phenylene ethynylene macrocycles (see Table 3.5. below).
A 36 nm bathochromatic shift of the λem is observed between the linear biaryl
trimer and cyclic trimer 14 (Figure 3.7). n-Octyl derivativation causes a further red
shift of ca. 5 nm compared to the unsubstituted trimer 14. Interestingly, cyclic tetramer
151 displays two λem at 382 nm and 401 nm. This system emits at a shorter wavelength
than either of the two cyclic trimers due to a lesser degree of conjugation in 151.
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Figure 3.7. Normalized emission properties of biaryl macrocycles.

All terphenyl macrocycles emit two λem at similar energy. As in the biaryl case a
red shift is observed between the linear trimer 156 and cyclic trimer 137 and 155.
Cyclic dimer 154 shows similar emission properties to that of the cyclic trimer even
though the para-substituted rings are orthogonal to the ortho-substituted ring. The
dihedral angle of the terphenyl moiety does not appear to perturb the optical properties
of these systems.
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Figure 3.8. Normalized emission properties of terphenyl macrocycles.

Interestingly, biaryl cyclotrimers emits at longer a wavelength than the terphenyl
cyclotrimers indicating that 14 and is more highly conjugated. By comparison alkyl
derivatized 20 which only contains the ortho-substituted phenyl rings, emits at 484 nm
in CH2Cl2. This difference is quite large and could be due to the change in solvent
polarity, but it suggest that by introducing para-substituted rings into the conjugated
backbone the extent of conjugation is decreased.
All macrocycles exhibit fairly low quantum yield in benzene compared to larger
phenylene ethynylene macrocycles (Table 3.5).13

However, these systems do not

contain long linear conjugated pathways which has been correlated to high Φ.28 Φ for
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biaryl macrocycles range from 0.020 for 143 to 0.036 for 144 while the Φ for terphenyl
macrocycles are slightly more efficient ranging 0.035 for both 137 and 156 to 0.060 for
n-octyl cyclic trimer, .

Terphenyl
Systems

Biaryl
Systems

Table 3.5. Summery of Biaryl and Terphenyl Macrocycle Optical Properties.

Compound
141
14
143
151

λabs (nm)
300
299
303
309

λem (nm)
381
418
422
382
401

Stoke Shift (nm)
81
119
119
73
92

Φ
N/A
0.03
0.02
0.04
0.04

156

296

137

303

155

310

154

308

381
399
390
406
387
405
387
405

85
103
87
103
77
95
79
97

0.04
0.04
0.04
0.04
0.06
0.06
0.05
0.05

3.4.5. Optical Properties: Conclusion
The optical properties of biaryl and terphenyl macrocycles have been examined
by UV-vis and fluorescence spectroscopy. Both biaryl and terphenyl macrocycles
absorb near 305 nm in various solvents. Alkyl substituted macrocycle exhibit a slight
red shift on the order of 5 nm to 10 nm and could be attributed to the small electron
donating nature of the alkyl side chains. There appears to be little effect on strain
(dimer 154 compared to trimer 155) on the λmax for the terphenyl systems. It is
interesting to note that the biaryl tetramer, which is the only macrocycle examined that
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breaks the pseudo-two dimensional plane of these systems, exhibits two λmax in all
solvents except for benzene.
All terphenyl macrocycle emit between 380 nm and 405 nm. There is only a
slight red shift between the linear trimer and cyclic trimer.

This shift is more

pronounced in the biaryl case and is indicative of a higher degree of conjugation in the
macrocyclic trimer compared to the linear trimer. Biayl 143 is also red shifted by 17
nm compared to the low energy band of terphenyl 155. Again this may indicate a
higher degree of cyclic conjugation in the biaryl cyclotrimer since others have shown a
direct correlation between linear conjugated pathways on electron absorption
wavelength.28
All terphenyl systems exhibit higher Φ compared to the biaryl systems, which is
interesting since UV-vis results suggest that the biaryl macrocycles exhibit a higher
degree of conjugation. Solvent effects on Φ for these systems is currently unknown,
however, since these macrocycle lack electron donating and accepting moieties no
drastic affects on λem is expected.

3.5. Phenylene Ethynylene Macrocycle Conclusion and Future Directions
Macrocycles 14 and 141 have been prepared as precursors for a (9,0)-SWCNT
segment.

Conversion of the these macrocycles into three dimensional PAHs is

proposed to occur by Diels-Alder cyloaddition with 3,4-diphenylcyclopentadieneone
(15). Similar reactions have been used by several groups to afford large dendritic
networks in near quantitative yield.1,4,9

Preliminary results of 15 and diphenyl
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acetylene (157) yield only trace quantities of 1,2,4,5-tetraphenylbenzene (158) in odichlorobenzene at 200 °C. Dieneone 15 is believed to be acting both as the diene and
dieneophile causing dimerization and thus low conversation to the desired product.

O
OH
o-DCB

15

Trace

158

157

Scheme 3.13. Model reaction for 3-fold Diels-Alder cycloaddition.

Isolation of tetramer 151, although unexpected, could be a potential route to “tube
like” structures. Unlike the proposed route, which take a two dimensional systems and
coverts it into a three dimensional array, 151 already has three dimensional character.
Swager or Larock type reaction could potential lead to 158. For this to be examined
151 would need to be prepared in higher yield by an alternative approach.
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TFA
THF

Planar Representation of Tube like
Structure, 159

Planar Representation of Cyclic Tetramer 151

Scheme 3.14. Proposed synthesis to a cyclic tubelike structure from biaryl cyclic tetramer 151.
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3.6. Procedures and Experiments
All solvents were obtained from Aldrich Chemical Company, Acros Organics,
Fischer Scientific, or Cambridge Isotope Laboratories (deuterated solvents).
Distillation of solvents was performed under an inert atmosphere from either sodium
metal or calcium hydride. Silica gel used in chromatography was standard grade (60 Å),
alumina was neutral Brockmann I (58 Å). 1H and 13C NMR were recorded on either a
Bruker or Varian 500 MHz NMR.

UV-Vis spectra were recorded on a Cary-14

spectrometer, IR spectra on a Thermo Nicolet 200 spectrometer with ATR adapter with
neat sample.

Right angle fluorescence spectroscopy was carried out on a Photon

Technology International fluorometer. Geometry optimization was performed on the
Gaussian 03 software package43 with the B3LYP DFT method on the 6-31G basis set.

NO2

CHO

4’-nitrobiphenyl-2-carbaldehyde (123): All solvents were deoxygenated via Ar
bubbling and reaction was carried out under an Ar atmosphere. A 50 ml round-bottom
flask was charged with 1.00 g (4.03 mmol) of p-iodonitrobenzene, 0.14 g (0.205 mmol)
of Cl2Pd(PPh3)2, 0.67 g (4.49 mmol) of 2-formylphenylboronic acid and a magnetic stir
bar. To this 20 ml of DMSO followed by 4 ml of 2 M aq Na2CO3 were added via
syringe. The reaction was heated to 85 °C for 12 hours before being diluted with H2O
and extracted with EtOAc. The organic layers were combined, washed with saturated
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NH4Cl, dried over MgSO4 and concentrated under pressure. The crude material was
purified by flash chromatography using 10:1 hexanes/EtOAc to give 0.763 g (83%) of 1
as a white/yellow solid. 1H NMR: δ 9.96 (s, 1H), 8.33 (d, J = 8.5 Hz, 2H), 8.06 (d, J =
7.8 Hz, 1H), 7.71 (t, J = 7.5 Hz, 1H) , 7.73 – 7.56 (m, 4H), 7.45 (d, J = 7.6 Hz, 1H);
13

C NMR: 191.0, 147.6, 144.8, 142.9, 133.9, 133.6, 130.8, 130.6, 129.1, 128.8, 123.6.

IR (neat, cm-1) 1683, 1507, 1348.

N3Et2

I

1,1-Diethyl-3-(4-iodophenyl)triazene (120) 4-iodoaniline (10.004 g, 45.67 mmol, 1.00
equiv) was dissolved in 380 mL acetonitrile, 160 mL water and 16.0 mL concentrated
hydrochloric acid and cooled to 0 °C. A solution of 1.1 eq NaNO2 (3.321 g, 48.14
mmol, 1.05 equiv) in 20 mL water was added slowly via syringe, and the mixture
stirred 45 minutes at 0 °C. The mixture was transferred to a flask containing K2CO3
(21.001 g, 151.9 mmol, 3.32 equiv) and diethylamine (9.5 ml, 91.81 mmol, 2.00 equiv)
in 250 ml of H2O at 0 °C.

The reaction was allowed to slowly warm to room

temperature, and stirred for 2 hours before being extracted with diethyl ether. The
combined organic layers washed with brine, dried over magnesium sulfate, filtered, and
concentrated in vacuo. The crude product was then purified by flash chromatography
using 5% diethyl ether in hexanes to afford the desired product as orange oil in 97%
yield. 1H NMR (500MHz, CDCl3) δ 7.61 (d, J = 8.8 Hz, 2H), 7.16 (d, J = 8.8 Hz, 2H),
3.74 (q, J = 7.3, 4H), 1.25 (br t, 3H).

13

C NMR (125MHz, CDCl3) δ 150.9, 137.6,
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122.4, 88.9. IR (cm-1) 2974, 2933, 2871, 1475, 1420, 1391, 1341, 1238, 1198, 1108,
1093, 1001, 828.

N3Et2

CHO

4'-(3,3-diethyltriaz-1-enyl)biphenyl-2-carbaldehyde (127): A 10 ml round bottom
flask was charged with 120 (0.295 g, 0.973 mmol, 1.00 equiv), Cl2Pd(PPh3)2 (0.023 g,
0.032 mmol, 0.033 equiv), 2 ml of deoxygenated PhH and 1.2 ml of 2 M (aq) Na2CO3.
2-Formylphenylboronic acid (0.175 g, 1.17 mmol, 1.20 equiv) was added in 1.5 ml of
deoxygenated EtOH via cannula. The reaction was stirred at 80 °C for 18 hours before
being cooled to room temperature and 0.20 ml of 30% (aq) H2O2 was added. The
solution was stirred at room temperature for 45 minutes before being diluted and
extracted with diethyl ether. The organic layers were combined washed with sat. NaCl
and dried over MgSO4. Crude material was purified by flash chromatography using
10% EtOAc in hexanes as eluent to afford 0.189 g of the desired product. 1H NMR: δ
10.03 (s, 1H), 8.01 (d, J = 8.1 Hz, 1H), 7.59 (t, J = 8.1 Hz, 1H), 7.51 (d, J = 8.4 Hz,
2H), 7.50-7.42 (m, 2H), 7.33 (d, J = 8.3 Hz, 2H), 3.79 (q, J = 7.1 Hz, 4H), 0.88 (t, J =
7.0 Hz, 6 H).

117

N3Et2

Br
Br

1-(2'-(2,2-dibromovinyl)biphenyl-4-yl)-3,3-diethyltriaz-1-ene (128): PPh3 (0.354 g,
1.35 mmol, 3.99 equiv) in minimal amounts of CH2Cl2 was added to a N2 purged flask
containing CBr4 (0.224 g, 0.675 mmol, 2.00equiv) and allowed to stir at 0 °C for 15
minutes before 0.05 ml of Et3N was added and cooled to -78 °C. 127 (0.095 g, 0.338
mmol, 1.00 equiv) was added in 0.3 ml of dry CH2Cl2 and temperature was kept at -78
°C for 10 minutes before being diluted with 50 ml of sat. NaHCO3. The reaction was
extracted with CH2Cl2 dried over MgSO4 and concentrated in vacuo.

The crude

solution was dissolved in hexanes and filtered through a pad of celite to give the desired
product (slight contamination from unreacted PPh3 was observed) in 56% without
further purification. 1H NMR: δ 7.70 – 7.67 (m, 3H), 7.66 – 7.65 (m, 2H), 7.54 – 7.53
(m, 3H) 7.23 (s, 1H), 3.80 (q, J = 7.1 Hz, 4H), 0.90 (t, J = 7.0 Hz, 6 H).

N3Et2

Br

1-(2'-bromobiphenyl-4-yl)-3,3-diethyltriaz-1-ene (130a): A 5 ml round bottom flask
was charged with 120 (0.197 g, 0.650 mmol, 1.00 equiv), Cl2Pd(PPh3)2 (0.139 g, 0.198,
0.30 equiv), 1.3 ml of benzene and 0.7 ml of 2 M aq. Na2CO3. The flask was purged
with N2 prior to the addition of 1-bromophenylboronic acid (129, 0.150 g, 0.746 mmol,
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1.14 equiv), in minimal amounts of deoxygenated EtOH. The reaction was heated to 80
°C overnight before being cooled to room temperature and 0.3 ml of 30% H2O2 (aq.)
was added via syringe. The solution was allowed to stir for 2 days before being
extracted with diethyl ether. The organic layers were combined, washed with brine,
dried over MgSO4 and concentrated in vacuo. The crude material was purified by flash
chromatography using hexanes (0.5 L) then 5% EtOAc in hexanes (1L) followed by
10% EtOAc in hexanes to afford the desired product in 64% yield. 1H NMR (500MHz,
CDCl3) δ 7.64 (d, J = 7.6 Hz, 1H), 7.46 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.5 Hz, 2H),
7.33 – 7.31 (m, 3H), 3.82 (q, J = 7.2 Hz, 4H), 1.27 (t, J = 7.1 Hz, 6H).

N3Et2

I

3,3-diethyl-1-(2'-iodobiphenyl-4-yl)triaz-1-ene (130b): 130a bromide (0.143 g, 0.430
mmol, 1.00 equiv) was dissolved in 10 ml of dry THF and cooled to -78 °C before secBuLi (0.43 ml of 1.4 M solution, 1.40 equiv) was added. I2 (0.239 g, 1.15 mmol, 2.68
equiv) was added in 1.5 ml of dry THF. The reaction was stirred at -78 °C for 30
minutes then at 0 °C for an additional 30 minutes and finally allowed to warm to room
temperature. The reaction was quenched with 3 ml of H2O and extracted with EtOAc.
The organic layer was washed with sat. Na2SO4 (aq), dried over MgSO4 and rotovaped
to afford the desired product in 99% without purification. 1H NMR (500MHz, CDCl3)

δ 7.62 (d, J = 7.5 Hz, 1H), 7.59 (d, J = 8.5 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.43 (t, J
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= 7.6 Hz, 2H), 7.32 (t, J = 7.4 Hz, 1H), 3.79 (q, J = 7.2 Hz, 4H), 1.26 (t, J = 7.1 Hz,
6H).

N3Et2

O

B

O

3,3-diethyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)triaz-1-ene
(121): 120 (1.931 g, 6.370 mmol, 1.00 equiv) was combined with bis(pinacolato)diborn
(131, 1.947 g, 7.667 mmol, 1.20 equiv), Cl2Pd(dppf) (0.143 g, 0.195 mmol, 0.03 equiv)
and dried under vacuum KOAc (1.875 g, 19.11 mmol, 3.00). 52 ml of deoxygenated
DMSO was added and the reaction was heated to 80 °C and monitored by TLC (5%
diethyl ether in hexanes). Upon consumption of triazene starting material the reaction
was diluted with water and extracted with EtOAc. The organic layers were combined,
washed with sat. NH4Cl (aq), dried over MgSO4 and concentrated in vacuo. Crude
material was purified by flash chromatography using 5% diethyl ether in hexanes as the
eluent to afford the desired product as a white solide in 74% yield. 1H NMR (500MHz,
CDCl3) δ 7.77 (d J=8.3 Hz, 2H), 7.40 (d, J = 8.3 Hz, 2H), 3.77 (q, J = 7.3, 4H), 1.35
(s, 12H), 1.27 (br t, J = 6.8 Hz, 3H).

13

C NMR (125MHz, CDCl3) δ 153.6, 135.5,

119.7, 83.5, 24.8. IR (cm-1) 2979, 1602, 1391, 1351, 1320, 1139, 1087, 857, 655.

120

Br

TIPS

(2-Bromo-phenylethynyl)-triisopropyl-silane (122): A 25 ml round bottom flask was
charged with 1-bromo-2-iodobenzene (2.697 g, 9.53 mmol, 1.00 equiv), Cl2Pd(PPh3)2
(0.198 g, 0.282 mmol, 0.03 equiv), CuI (0.051 g, 0.267 mmol, 0.03 equiv) and
triisopropylsilylethynylene (2.3 ml, 10.25 mmol, 1.07 equiv) and 20 ml of 1:1
THF/Et3N. The solution was stirred at room temperature for 24 hours before being
concentrated in vacuo. The crude residue was dissolved in diethyl ether and washed
with sat. NH4Cl (aq).
concentrated in vacuo.

The organic layers were dried over MgSO4, filtered, and
Purification of the crude material by flash column

chromatography yielded the product as a yellow oil in 99% yield. 1H NMR (500MHz,
CDCl3) δ 7.56 (d, J = 8.2 Hz, 1H), 7.50 (d J = 7.74 Hz, 1H), 7.22 (t, J = 7.74 Hz, 1H),
7.13 (t, J = 7.95 Hz, 1H), 1.13 (br s, 21H). 13C NMR (125MHz, CDCl3) δ 134.1, 132.6,
129.6, 127.0, 126.0, 125.9, 105.0, 96.4, 18.9, 11.6. IR (cm-1) 2943, 2865, 2161, 1464,
1220, 1047, 908, 883, 834, 753, 678.

N3Et2

TIPS

1,1-Diethyl-3-(4-(2-(2-triisopropylsilyl)ethynyl)phenyl)phenyl)triazene (117) 2.067
g of (2-Bromo-phenylethynyl)triisopropyl-silane was added to a flask fitted with a
sealed reflux condenser with 1.941 g of boronate 121, 7.261 g powdered potassium

121

phosphate (tribasic), and 3 mol % PdCl2(dppf). The flask was purged with nitrogen,
and 50 mL dexoygenated 1,2-dimethoxyethane (DME) was added via syringe. The
reaction was monitored by TLC using 5% Et2O in hexanes as eluent. The reaction was
then

cooled,

the

DME

removed

in

vacuo,

and

1,1-diethyl-3-(4-(2-(2-

triisopropylsilyl)ethynyl)phenyl)phenyl)triazene extracted from water with diethyl
ether. The combined organic layers were washed with brine, dried over magnesium
sulfate, filtered, and concentrated in vacuo. Purification was effected by flash column
chromatography over neutral alumina with a mobile phase of 5% diethyl ether in
hexanes to obtain the biaryl product in 95% yield as an orange oil. 1H NMR (500MHz,
CDCl3) δ 7.59 (d J=8.3 Hz, 3H), 7.43 (d J=8.3 Hz, 2H), 7.38 (d J=7.8 Hz, 1H), 7.33 (t
J=7.3 Hz, 1H), 7.23 (t J=7.8 Hz, 1H), 3.76 (q J=7.3 Hz, 4H), 1.27 (t J=7.3 Hz, 6H),
1.03 (s, 21H). 13C NMR (125MHz, CDCl3) δ 150.48, 144.0, 137.1, 133.9, 129.7, 129.3,
128.4, 126.5, 121.7, 119.9, 106.6, 93.9, 18.6, 11.3. IR (cm-1) 2940, 2864, 2151, 1464,
1397, 1330, 1235, 1096, 883, 835, 761, 677.

I

H

2-ethynyl-4'-iodobiphenyl (113): TBAF (2.0 ml, 2.00 mmol, 4.35 equiv) were added
to a solution of the alkyne (0.212 g, 0.459 mmol, 1.00 equiv) 3 ml of THF. The
reaction stirred at room temperature and monitored by TLC. Upon disappearance of
starting material the reaction was concentrated to one third of its original volume,
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diluted with 25 ml of H2O and extracted with diethyl ether (3 x 50ml). Organics were
combined, dried over MgSO4 and concentrated in vacuo. The crude material was
purified via flash chromatography using 5% diethyl ether in hexane to afford 0.376 g
(96%) of 133 as a red solid.

1

H NMR (500MHz, CDCl3) δ7.78 (d, J = 7.0 Hz, 2H),

7.64 (d, J = 7.5 Hz, 1H), 7.42 (t, J = 6.5 Hz, 1H), 7.37 – 7.34 (m, 4H), 3.08 (s, 1H); 13C
NMR (125MHz, CDCl3) δ142.2, 139.7, 137.1, 134.0, 131.1, 129.2, 129.0, 127.4, 120.3,
93.6, 82.8, 80.6; IR (neat, cm-1): 3274, 3061, 1583,1472.

Cyclooligomerization Attempts of 113: The following reagents 113 (0.060, 0.197
mmol, 1.00 equiv), Cl2Pd(PPh3)2 (0.007 g, 0.010 mmol, 0.05 equiv) and CuI (0.004 g,
0.020 mmol, 0.11 equiv) were combined and dissolved in 10.6 ml of THF and 0.2 ml of
Et3N. The reaction stirred for 10 days at room temperature before being diluted with
H2O and extracted with Et2O (3 x 20 ml). The organics were washed over brine, dried
over MgSO4, filtered and concentrated in vacuo. The crude material was run through a
flash column to afford an inseparable, white, solid mixture.

123

I

TIPS

2-(2-triisopropylsilyl)ethynyl-4'-iodobiphenyl (116) Triazene (117, 0.568 g, 1.31
mmol, 1.00 equiv) was dissolved in 5 mL methyl iodide in a sealable reaction flask,
degassed, backfilled with nitrogen, sealed, and heated to 120 °C for 24 hours. After
cooling, the methyl iodide was removed by evaporation and the product purified by
flash chromatography over silica with 10% EtOAc in hexanes to isolate a yellow oil in
95% yield. 1H NMR (500MHz, CDCl3) δ 7.70 (d, J=8.3 Hz, 2H), 7.59 (d, J=7.8 Hz,
1H), 7.27-7.37 (m, 5H), 1.01 (s, 21H).

13

C NMR (125MHz, CDCl3) δ 143.1, 137.0,

133.7, 131.2, 129.0, 128.5, 127.2, 121.9, 105.9, 93.1, 18.5, 11.3. IR (cm-1) 2940, 2863,
2152, 1469, 1386, 1000, 883, 820, 758, 677.

N3Et2

H

3,3-diethyl-1-(2’-ethynylbiphenyl-4-yl)triaz-1-ene (115): TBAF (7.0 ml, 7.00 mmol,
4.55 equiv) were added to a solution of bisprotected monomer (117, 0.677 g, 1.54
mmol, 1.00 equiv) 5 ml of THF.
monitored by TLC.

The reaction stirred at room temperature and

Upon disappearance of starting material the reaction was

concentrated to 1/3 its original volume, diluted with 50 ml of H2O and extracted with
diethyl ether (3 x 50ml). Organics were combined, dried over MgSO4 and concentrated
124

in vacuo. The crude material was purified via flash chromatography using 5% diethyl
ether in hexane to afford 0.376 g (100%) of X as a yellow oil.

1

H NMR (500MHz,

CDCl3) δ7.63-7.61 (d, J = 8.0 Hz), 7.60-7.58 (d, J = 8.2 Hz), 7.51-7.49 (d, J = 8.2 Hz)
7.41-7.40 Hz (d, J = 3.8 Hz), 7.30-7.27 (m), 3.82-3.78 (q, J = 7.0 Hz), 3.06 (s), 1.311.28 (t, J = 7.0 Hz).

13

C NMR (125MHz, CDCl3) δ 150.6, 144.4, 136.9, 133.8, 129.7,

129.5, 128.9, 126.6, 120.3, 119.9, 83.3, 80.0. IR (cm-1) 3284, 1330, 1229, 837.

N3Et2

TIPS

3,3-diethyl-1-(2’-((triisopropylsilyl)ethynyl)biphenyl-4-yl)ethynyl)biphenyl-4yl)triaz-1-ene (139). A 50 ml round bottom flask was charged with 116 (0.223 g,
0.484 mmol, 1.00 equiv), 115 (0.180 g, 0.649 mmol, 1.34 equiv), Cl2Pd(PPh3)2 (0.020
g, 0.0285 mmol, 0.06 equiv) of and flushed with N2. To this 20 ml of deoxygenated
THF/Et3N (1:1 v/v) was added and the reaction flask was sparged with N2 for 5
minutes.

CuI was added neat and reaction stirred at 40°C for 18 hours.

Upon

completion, the reaction was diluted with 25 ml of H2O and extracted with diethyl ether
(3 x 25 ml). The organics were combined, washed with sat. NH4Cl, dried over MgSO4
and concentrated in vacuo. The crude material was purified via flash chromatography
using 5% diethyl ether in hexanes to give 0.226 (77%) of 139 as a yellow oil.
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1

H NMR

(500MHz, CDCl3) δ 7.73-7.71 (d, J = 8.5 Hz), 7.71-7.69 (d, J = 7.9 Hz), 7.63-7.62 (d, J
= 7.8 Hz), 7.49-7.47 (m), 7.45-7.43 (d, J = 7.9 Hz), 7.41-7.40 (d, J = 8.3 Hz), 7.38 –
7.35 (q, J = 6.2 Hz), 7.33 – 7.28 (m) 3.84-3.79 (q, 7.2 Hz), 1.32-1.30 (t, J = 7.1 Hz)
1.05 (s).

C NMR (125MHz, CDCl3) δ 150.6, 143.7, 143.5 140.2, 137.2, 133.8, 133.0

13

130.9, 129.8 129.5 129.2, 129.1, 128.5, 127.1, 126.7, 122.5, 121.8, 121.4, 119.9, 106.0,
94.4, 92.3, 89.8, 18.55, 11.3. IR (cm-1) 2942, 2860, 2356, 1460, 1334, 1229, 830.

I

TIPS

((4'-((4'-iodobiphenyl-2-yl)ethynyl)biphenyl-2-yl)ethynyl)triisopropylsilane:

139

(0.206 g, 0.338 mmol, 1.00 equiv) of and 4 ml of MeI were sealed in a sealed tube flask
under an atmosphere of N2. The reaction was heated to 125 °C for 18 hours before
being allowed to cool to room temperature. Excess MeI was allowed to evaporate. The
residue was dissolved in 10 ml of CH2Cl2, washed with H2O, dried over MgSO4 and
concentrated in vacuo. The crude product was purified via flash chromatography using
5% EtOAc in hexanes as the eluent and afforded 0.202 g of the desired product as a
yellow oil.

1

H NMR (500MHz, CDCl3) δ 7.81 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 7.69

Hz, 1H), 7.62 (d, J = 7.5 Hz, 1H), 7.59 (d, J = 8.0 Hz, 2H), 7.46 (d, J = 8.0 Hz, 2H),
7.41 – 7.38 (m, 2H), 7.37 – 7.35 (m, 5H), 7.32 – 7.29 (m, 1H) 1.05 (s, 21H). 13C NMR
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(125MHz, CDCl3) δ 143.3, 142.5, 140.5, 140.0, 137.0, 133.8, 133.0, 131.3, 130.9,
129.3, 129.2, 128.6, 128.5, 127.4, 127.2, 122.1, 121.8, 121.5, 106.0, 94.5, 93.4, 92.8,
89.1, 18.6, 11.3. IR (cm-1): 2940, 2865, 2148, 1467, 1000, 756.

N3Et2

TIPS

Unmasked dimer (0.091 g, 0.142 mmol, 1.00 equiv), 115 ( 0.035 g, 01.53 mmol, 1.08
equiv), Cl2Pd(PPh3)2 (0.005 g, 0.007 mmol, 0.05 equiv) and CuI (0.002 g, 0.010 mmol,
0.07 equiv) were dissolved in 5 ml of deoxygenated THF and 5 ml of deoxygenated Et3N.
The solution was heated to 40 °C overnight before being diluted with sat. NH4Cl and
extracted with EtOAc. The organics were washed with sat. NH4Cl, dried over MgSO4,
filtered and concentrated in vacuo.

The crude material was purified by flash

chromatography using 10% EtOAc in hexanes to afford the desired product as a
yellow/brown oil in 67%. 1H NMR (500MHz, CDCl3) δ 7.72 – 7.46 (m, 5 H), 7.62 (d, J =
7.5 Hz, 1H), 7.58 – 7.52 (m, 6H), 7.50 – 7.28 (m, 8H);

C NMR (125MHz, CDCl3) δ

13

143.7, 143.3, 143.1, 140.4, 140.2, 137.2, 133.8, 133.0, 132.9, 131.0, 130.9, 129.85, 129.4,
129.3, 129.2, 19.2, 128.5, 127.2, 127.0, 126.6, 122.7, 122.2, 121.8, 121.5, 121.4, 119.0,
106.0, 94.492.6, 92.2, 90.2, 89.3, 18.5, 11.2; IR (neat, cm-1): 2932, 2860, 2154, 1473,
1096, 836, 744.
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I

TIPS

((4'-((4'-((4'-iodobiphenyl-2-yl)ethynyl)biphenyl-2-yl)ethynyl)biphenyl-2yl)ethynyl)triisopropylsilane: Linear trimer 140 was sealed in a flask with 1 ml of
MeI and heated to 120 for 48 hours. Excess MeI was allowed to evaporate after
reaction cooled.

Crude residue was purified by flash chromatography using 10%

EtOAc in hexanes as eluent to afford the desired product in 98% yield. 1H NMR
(500MHz, CDCl3) δ 7.81 (d, J = 8.0 Hz, 2H) 7.70 -7.67 (m, 3H), 7.61 – 7.57 (m, 3H),
7.47 – 7.35 (m, 14H), 7.32 – 7.27 (m, 2H) 1.05 (s, 21H). 13C NMR (125MHz, CDCl3) δ
143.3, 142.9, 140.6, 140.5, 140.0, 137.0, 133.8, 133.1, 133.0, 131.2, 130.9, 129.4,
129.4, 129.3, 129.2, 128.7, 128.5, 128.5, 127.4, 127.3, 127.1, 122.3, 122.2, 121.9,
121.6, 121.4, 106.04, 94.4, 93.4, 92.7, 92.6, 89.5, 89.3, 18.5, 11.2. IR (neat, cm-1):
2802, 2847, 2356, 1726, 1457, 1273, 761.
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2-ethynyl-4'-((4'-((4'-iodobiphenyl-2-yl)ethynyl)biphenyl-2-yl)ethynyl)biphenyl
(141): TIPS protected linear trimer was dissolved in 0.25 ml of THF before 0.100 ml of
1 M TBAF in THF was added. After 5 minutes the reaction showed no signs of starting
material and was diluted with Et2O. The organics were washed with sat. NH4Cl (aq),
dried over MgSO4, filtered and concentrated in vacuo. The crude material was purified
by flash chromatography using 5% EtOAc in hexanes to afford the desired compound
in 83% and used without any further purification.
Biaryl Cyclic Trimer (14): Doubly deprotected linear trimer (0.039 g, 0.047 mmol,
1.00 equiv), was dissolved in 1 ml of Et3N and charged in a gas tight syringe in a
syringe pump. Pd(dba)2 (0.039 g 0.064, 2.00 equiv), CuI, (0.015 g, 0.079 mmol, 1.68
equiv) and PPh3 (0.076 g, 0.289 mmol, 6.17 equiv) were dissolved in 11.6 ml of Et3N.
Linear trimer was added at a rate of 0.1 ml per hour and the reaction was allowed to stir
for an addition 12 hours after addition was complete. The reaction was diluted with sat
NH4Cl (aq) and extracted with EtOAc. Organics were dried over MgSO4, filtered and
concentrated in vacuo. Crude material was purified using 15% CH2Cl2 in hexanes to
afford the desired macrocycle in 45% yield as a white solid. 1H NMR (500MHz,
CDCl3) δ 7.75 (d, J = 8.4 Hz, 2H), 7.67 (d, J = 7.4 Hz, 1H), 7.50 – 7.48 (m, 3H), 7.45
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(t, J = 7.8Hz, 1H), 7.36 (t, J = 7.4 Hz, 1H); 13C NMR (125MHz, CDCl3) δ 143.7, 140.9,
133.4, 131.5, 130.0, 129.9, 129.5, 128.1, 123.1, 122.2, 93.4, 90.3.

NH2
I

n-octyl

2-iodo-4-n-octylaniline: [BnN(CH3)3]•ICl2 (7.138 g, 20.51 mmol, 1.05 equiv) and
CaCO3 (6.255 g, 62.49 mmol, 3.21 equiv) were added to a stirred solution of 4-noctylaniline (4.002 g, 19.49 mmol, 1 equiv) in 180 ml of dry CH2Cl2 and 65 ml of
anhydrous MeOH. The reaction stirred at room temperature for 2 hours prior to being
vacuum filtered through a pad of celite. The filtrate was washed with sat. Na2SO4 (75
ml) followed by sat. NH4Cl (75 ml). The organics were dried over MgSO4, filtered and
concentrated in vacuo to give the desired product in 86% yield without further
purification. 1H NMR (500MHz, CDCl3) δ 7.43 (d J=1.9 Hz, 1H), 6.93 (dd J=1.9, 8.3
Hz, 1H), 6.65 (d, J=8.3 Hz, 1H), 3.93 (br s, 2H), 2.44 (t J=7.3 Hz, 2H), 1.52 (m, 2H),
1.23-1.31 (m, 10H), 0.88 (t J=7.3 Hz, 3H). 13C NMR (125MHz, CDCl3) δ 144.4, 138.4,
134.8, 129.4, 114.6, 84.4, 34.5, 31.8, 31.6, 29.5, 29.4, 29.2, 22.6, 14.0. IR (cm-1) 3407,
3317, 2954, 2916, 2850, 1617, 1496, 1467, 1405, 1306, 1152, 1028, 819, 665.
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N3Et2
I

n-octyl

1,1-diethyl-3-(2-iodo-4-octyl)phenyltriazene (147): HCl (11.0 ml, 132.0 mmol, 7.8
equiv) was added to (145, 5.580 g, 16.84 mmol, 1 equiv) in 100 ml of THF and 6 ml of
CH3CN at 0 °C. NaNO3 (4.114 g, 59.62 mmol, 3.54 equiv) was added to the reaction
in minimal amounts of H2O by syringe. The reaction was stirred at 0 °C for 1 hour
before being transferred via cannula to a flask containing diethyl amine (44 ml, 425.0
mmol, 25.25 equiv) and K2CO3 (23.236 g, 168.1 mmol, 9.98 equiv) in 70 ml of H2O at
0 °C. The reaction stirred for 18 hours while warming to room temperature before
being diluted with 200 ml of sat. NaCl and extracted with Et2O (2 x 100 ml). The
organics were washed with 100 ml of H2O and dried over MgSO4, filtered and
concentrated in vacuo. Crude material was purified by flash chromatography using 5%
Et2O in hexanes to afford the desired material in 90% yield as an orange oil. 1H NMR
(500MHz, CDCl3) δ 7.66 (d J=1.9 Hz, 1H), 7.25 (d, J=8.6 Hz, 1H), 7.08 (dd J=1.9, 8.2
Hz, 1H), 3.78 (q J=7.2 Hz, 4H), 2.52 (t J=7.5 Hz, 2H), 1.57 (m, 2H), 1.23-1.33 (m,
18H), 0.88 (t J=6.4 Hz, 3H). 13C NMR (125MHz, CDCl3) δ 148.3, 141.5, 138.6, 128.8,
117.1, 96.5, 34.9, 31.8, 31.4, 29.4, 29.22, 29.16, 22.6, 14.1. IR (cm-1) 2923, 2853,
1463, 1432, 1389, 1331, 1266, 1234, 1202, 1105.
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N3Et2

TIPS

n-octyl

1,1-diethyl-3-(2-(2-triisopropylsilyl)ethynyl-4-octyl)phenyltriazene

(148):

Aryl

halide (147, 0.770 g, 1.854 mmol, 1.00 equiv), (triisopropylsilyl)acetylene (0.65 ml,
2.89, 1.60 equiv), Cl2Pd(PPh3)2 (0.070 g, 0.100 mmol, 0.054 equiv) and CuI (0.012 g,
0.063 mmol, 0.033 equiv) were combined in a 100 round bottom flask and purged with
N2. 25 ml of deoxygenated THF and 25 ml of deoxygenated Et3N were added by
syringe and the reaction was stirred at 40 °C for 18 hours. Reaction was then diluted
with H2O (50 ml) and extracted with EtOAc (3 x 50 ml). The organics were washed
with sat. NH4Cl (2 x 50 ml), dried over MgSO4, filtered and concentrated in vacuo.
The crude material was purified by flash chromatography using 5% Et2O in hexanes to
give the desired product in 84% as a brown/orange oil. 1H NMR (500MHz, CDCl3) δ
7.34 (d J=8.3 Hz, 1H), 7.28 (d J=1.9 Hz, 1H), 3.77 (q J=7.3 Hz, 4H), 2.53 (t J=7.3 Hz,
2H), 1.55-1.60 (m, 2H), 1.22-1.32 (m, 18H), 1.13 (s, 21H), 0.88 (t J=6.3 Hz, 3H). 13C
NMR (125MHz, CDCl3) δ 150.5, 139.2, 133.5, 129.2, 118.2, 116.5, 105.9, 35.2, 31.9,
31.5, 29.5, 29.2, 22.7, 18.8, 14.1, 11.4. IR (cm-1) 2925, 2862, 2147, 1463, 1398, 1330,
1242, 1201, 1092, 883.
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I

TIPS

n-octyl

4-octyl-2-(2-triisopropylsilyl)ethynyl-iodobenzene (149): Alkyne 148 (0.485 g, 1.032
mmol, 1 equiv) was dissolved in 5 ml of MeI in a sealed tube. The reaction flask was
evacuated and backfilled with N2 before being sealed and heated to 125 °C for 20 hours.
The reaction was cooled to room temperature and before excess MeI was evaporated by
N2 bubbling. The crude residue was purified by flash chromatography using hexanes as
eluent to afford the desired compound as a yellow oil in 99% yield. 1H NMR (500MHz,
CDCl3) δ 7.70 (d J=8.2 Hz, 1H), 7.29 (d J=2.1 Hz, 1H), 6.81 (dd J= 2.1, 8.0 Hz, 1H),
2.51 (t J=7.7 Hz, 2H), 1.23-1.31 (m, 10H), 1.16 (s, 21H), 0.88 (t J=7.1, 3H). 13C NMR
(125MHz, CDCl3) δ 142.8, 138.4, 133.2, 129.9, 129.8, 108.2, 97.1, 94.6, 31.9, 31.2, 29.4,
29.2, 22.6, 18.7, 14.1, 11.4. IR (cm-1) 2923, 2862, 2366, 2150, 1459, 1394, 1017, 883,
765, 735, 665.

N3Et2

TIPS

n-octyl

1,1-Diethyl-3-(4-(2-(2-triisopropylsilyl)ethynyl)-4-octylphenyl)phenyltriazene (144):
Boronic ester (121, 0.620 g, 2.04 mmol, 2.00 equiv) and aryl halide (149) (0.508 g, 1.02
mmol, 1.00 equiv) were dissolved in deoxygenated DME and further deoxygenated for
10 minutes by N2 bubbling. To this solution, Cl2Pd(dppf) (0.061 g, 0.0834 mmol, 0.082
133

equiv) and dry K3PO4 (1.045 g, 4.922 mmol, 4.83 equiv) were added and reaction was
deoxygenated by N2 bubbling for an additional 10 minutes. The reaction was heated to
90 °C for 20 hours before being cooled to room temperature and diluted with H2O. The
reaction was extracted with Et2O (3 x 30 ml) and organics were washed with sat. NaCl
before being dried over MgSO4, filtered and concentrated in vacuo. H NMR (500MHz,
CDCl3) δ 7.58 (d, J=8.3 Hz, 2H), 7.41 (d, J=8.8 Hz, 3H), 7.29 (d J=7.8 Hz, 1H), 7.16 (d,
J=7.8 Hz, 1H), 3.77 (q J=7.0 Hz, 4H), 2.60 (t J=7.8 Hz, 2H), 1.64 (m, 2H), 1.25-1.38
(m, 16 H), 1.03 (s, 21H), 0.88 (t J=6.8 Hz, 3H).

13

C NMR (125MHz, CDCl3) δ 150.3,

141.5, 141.3, 137.2, 133.7, 129.8, 129.2, 128.8, 121.5, 119.9, 106.9, 93.2, 35.3, 31.9,
31.4, 29.5, 29.4, 29.3, 22.7, 18.7, 14.1, 11.3. IR (cm-1) 2926, 2862, 2363, 2341, 2146,
1463, 1380, 1234, 1095, 908, 883, 827, 734, 666.

I

TIPS

n-octyl

2-(2-triisopropylsilyl)ethynyl-4octyl-4'-iodobiphenyl: Biaryl 144 (0.331 g, 0.606
mmol, 1.00 equiv) was dissolved in 5 ml of MeI in a sealed tube. The flask was
evacuated and purged with N2 before being sealed and heated to 125 °C for 24 hours.
The reaction was cooled to room temperature before excess MeI was removed by N2
bubbling. The crude residue was purified by flash chromatography using 5% Et2O in
hexanes to afford the desired compound as a colorless oil in 87%. 1H NMR (500MHz,
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CDCl3) δ 7.69 (d, J=8.3 Hz, 2H), 7.39 (s, 1H), 7.30 (d, J=8.8 Hz, 2H), 7.21 (d, J=7.8 Hz,
1H), 7.17 (dd, J=7.8, 1.5 Hz, 1H), 2.60 (t, J=7.8 Hz, 2H), 1.63 (m, 2H), 1.25-1.37 (m,
10H), 1.01 (s, 21H), 0.88 (t, J=7.3 Hz, 3H). 13C NMR (125MHz, CDCl3) δ 142.3, 140.5,
140.1, 136.9, 133.5, 131.3, 128.9, 128.8, 106.2, 93.9, 92.8, 35.4, 31.9, 31.4, 29.4, 29.3,
29.2, 22.7, 18.6, 14.1, 11.3. IR (cm-1) 2924, 2861, 2366, 2333, 2145, 1464, 1385, 1000,
883, 816, 667.

I

H

n-octyl

2-ethynyl-4-octyl-4'-iodobiphenyl (150): Alkyne (0.299 g, 0.522 mmol, 1.00 equiv)
was dissolved in 2 ml of THF before 0.63 ml of 1 M TBAF (in THF containing 5%
H2O) was added. TLC showed the disappearance of starting material within 5 minutes.
The reaction was concentrated and residue was dissolved in Et2O and washed with sat.
NH4Cl. Organics were dried over MgSO4, filtered and concentrated in vacuo. Crude
material was purified by flash chromatography using hexanes as eluent to afford the
desired product as a colorless oil in 74% yield. 1H NMR: (CDCl3, 500 mHz): δ 7.90 (d,
J = 7.0 Hz, 2H), 7.49 (s, 1H), 7.37 (d, J = 7.0 Hz, 2H), 7.28 – 7.24 (m, 2H), 3.07 (s,
1H), 2.64 (t, J=7.8 Hz, 2H), 1.68 (m, 2H), 1.25-1.37 (m, 10H), 0.88 (t, J=7.3 Hz, 3H);
13

C NMR (CDCl3, 125 mHz): δ 142.3, 140.6, 139.7, 137.1, 133.9, 131.1, 129.4, 129.2,
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120.0, 93.4, 83.2, 80.2, 77.1, 35.3, 31.9, 31.2, 29.5, 29.3, 29.2, 22.7, 14.2; IR (neat, cm1

): 3293, 1479.7, 1384, 1007, 814.

n-octyl

n-octyl
n-octyl

n-octyl

n-octyl
n-octyl

n-octyl

Substituted Biaryl Macrocycles (143 and 151): Free alkyne 150 (0.031 g, 0.074
mmol, 1.00 equiv) was dissolved in 2.6 ml of 1:1 PhCH3/Et3N. Cl2Pd(PPh3)2 (0.002 g,
0.0028 mmol, 0.038 equiv) and CuI (0.001 g, 0.005 mmol, 0.07 equiv) were added
neat. Reaction Stirred at room temperature for 2 hours and checked by TLC (10%
EtOAc in hexanes). It was then diluted with H2O, extracted with Et2O (3 x 20 ml) and
organics were washed with sat. NaCl before being dried over MgSO4, filtered and
concentrated in vacuo. Purification required 5x Si gel flash columns using 5% CH2Cl2
in hexanes afford 143 in 12% and 151 in 6%, both as white solids. Cyclic Trimer 143
1

H NMR (CDCl3, 500 mHz): δ 7.74 (d, J = 7.0 Hz, 2H), 7.49 – 7.48 (m, 3H), 7.40 (d, J

= 8.2 Hz, 1H), 7.25 – 7.23 (1H overlaps with solvent), 2.65 (t, J = 7.7 Hz, 2H), 1.68 (m,
2H), 1.36 – 126 (m, 8H), 0.90 (m, 5H). Cyclic Tetramer 151 H NMR (CDCl3, 500
mHz): δ 7.74 (d, J = 8.2 Hz, 2H), 7.50 (s, 1H), 7.46 (d, J = 6.5 Hz, 2H), 7.31 (d, J = 8.0
Hz, 1H), 7.22 – 7.19 (m, 1H), 2.65 (t, J = 7.5 Hz, 3H), 1.67 – 1.64 (m, 3H) 1.32 – 1.26
(m, 8H), 0.91 – 0.88 (m, 5H).
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CHAPTER 4: PHENYLENE IMINE MACROCYCLES BY
REDUCTIVE IMINATION

4.1. Introduction
During the course of preparing phenylene ethynylene macrocycle 14, attempts
were made to prepare nitroalkyne 125 by Corey-Fuchs manipulations of the
nitroaldehyde moiety of 123 to protected alkyne.

This route provided to be

unsuccessful. An alternative approach was explored by reduction of the nitro moiety in
123 to the corresponding aniline. Upon reduction of the ntiroarene by Fe(0) in acidic
EtOH/H2O, macrocycle 161 was isolated in 52% yield as the sole product and without
purification (Scheme 4.1).

Macrocycle 161 is structurally similar to that of 14,

however, imine moieties in 161 replace the ethynylene functionality in 14. Further
reaction of the imine moieties could yield novel three dimensional polyaromatic
hydrocarbon (PAH) networks.

This finding led to the development of a one pot

procedure as a way of forming diarylimines and phenylene imine macrocycles.
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N
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Scheme 4.1. Above: Initial attempts to synthesize monomer 117.
cyclization of nitroaldehye 123.

Below: Reduction and in situ

4.2. Reductive Imination Coupling of Nitroarenes and Arylaldehydes
Functionalized diarylimines are of current interest due to their versatility in
medicinal chemistry and material science. They are key precursors to the indazol1,
benzoxazole2,3 and N,N-diarylformamide4 scaffolds and are used as models for
mesogenic compounds.5 Furthermore, macrocycles and dendrimers that incorporate the
imine moiety in their backbones have recently been receiving a great deal of attention
for their potential use in organometallic nanomaterials.6,7
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Traditional formation of imines from nitroarene starting materials requires a
two-step process in which the nitroarene is first reduced to the aniline, isolated, and
subsequently condensed with the desired carbonyl. Recently, catalytic imine formation
from nitroarenes and carbonyls has been reported.8 However, these protocols require
transition metal catalysts such as Rh6(CO)169 or NH4VO3,8 and must be carried out with
elevated pressures of carbon monoxide in stainless steel reactors at high temperatures
making them less than ideal for laboratory scale synthetic chemistry.
A countless number of other reducing agents for nitroarenes are reported in the
literature, of which hydrogenation is arguably the most common method employed.
This method is not suitable for a single pot reaction to convert a nitroarene to an
arylimine; when a 1:1 mixture of nitrobenzene and benzaldehyde was hydrogenated
using of 10% Pd-C, the expected aniline and benzyl alcohol were isolated.10 Similarly,
a reduction using Zn in EtOH yielded a mixture of unreacted starting material, aniline,
benzyl alcohol and various undetermined side products.11

In both cases, imine

formation did not occur due the reduction of both the nitroarene and the aldehyde.
Iron is abundant, inexpensive, and environmentally benign, and has been shown
to be an effective reducing agent for nitroarenes.12 Tandem nitroarene reduction and
intramolecular imine condensation to give heteroarenes has been reported using iron in
aqueous media.13 Surprisingly, the breadth of this methodology in an intermolecular
application has not been previously reported.
To asses the scope of this reaction, several diarylimines were synthesized from
the corresponding nitroarene and arylaldehyde in the presence of metallic iron and acid
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in good to excellent yields (Table 4.1). The reaction was carried out by stirring an
equimolar mixture of both substrates with iron powder and acid in a 2:1 v/v EtOH/H2O
solution at 65°C for 1.5 hour. Simple gravity filtration, extraction with CH2Cl2 and
concentration in vacuo gave the desired products without any further purification. The
yields of 75% - 95% are less than quantitative, perhaps because of the equilibrium
between the product imine and the anilines and arylaldehydes. The structure of each
imine synthesized was confirmed by comparison of its spectroscopic data to literature
values. The electron demand of the substituents has no effect of the efficiency of the
reaction; reactions involving electron-withdrawing or donating aryl substituents on
either component proceed in good yields (Entries 4-9, Table 4.1).
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Table 4.1. Reductive imination of various nitroarenes and arylaldehydes.
Fe(0), HCl

Ar1 NO2

Entry

+

Nitroarene

Ar2 CHO

CHO

NO2

3
4

CHO

NO2

CHO

NO2

CHO

N

Ar2

Yield
(%)

Product

CHO

NO2

2

EtOH / H2O

Aldehyde

NO2

1

Ar1

N

162

88

N

163

87

164

95

165

85

166

50

167

81

168

75

169

87

170

85

171

75

N

MeO

N

MeO

5

Ac

N

Ac
NO2

6

CHO

MeO2C

N

MeO2C

NO2

7

CHO

I

N

I

8

CHO

NO2

N
OMe

MeO

9

10

CHO

NO2

N
CF3

F3C

NO2

N

CHO

Imine condensation was selective for the aldehyde even in the presence of a
ketone (Entry 5, Table 4.1). Reduction of 4-nitroacetophenone in the presence of one
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equivalent of aldehyde yielded 50% of the desired product (determined by 1H NMR).
When 20 equivalents of benzaldehyde were used, however, the desired product 162 was
recovered in 90% isolated yield. In a competition experiment using nitrobenzene,
benzaldehyde and acetophenone only the condensation between benzaldehyde and
nitrobenzene was observed (Scheme 4.2).
O

173
NO2

1eq

Fe(0), Acid
O

1eq

EtOH / H2O

N

N

172
174
1eq

162

175

82%

0%

Scheme 4.2. Reduction of nitrobenzene in the presence of benzaldehyde and acetophenone.

It should be noted that esters and halides are stable under these mild conditions
(Entries 6 and 7, Table 4.1). The reaction of methyl-4-nitrobenzoate and benzaldehyde
yielded the desired product with no indication of amide formation or hydrolysis. When
1-iodo-4-nitrobenzene was used the desired diarylimine was isolated in good yield. It
has been previously noted that at higher temperatures aryl iodides undergo reductive
elimination in the presence of iron to give aniline,12 but this is evidently not a
competitive pathway at lower temperature in EtOH/H2O. Given the relative stabilities
of aryl halides, it seems reasonable to assume that this protocol will be compatible with
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aryl bromides and chlorides. Since this competing reduction would be less likely in a
haloarylaldehyde, the arylaldehyde should also be tolerant of halide substituents.
In order to better understand the role and significance of HCl in the reaction
mixture, nitrobenzene and benzaldehyde were subjected to standard reaction conditions
using a variety of acids (Table 4.2). Both nitric and acetic acids yielded the desired
product, in 77% and 52% respectively, while sulfuric acid gave a mixture of starting
material and product in as little as 40% overall yield. Without acid only starting
material was recovered, thus indicating that acid increases the reactivity of the iron.
Increasing the concentration of HCl employed does not increase the yield appreciably,
but above 0.3 M, the yield decreases slightly, perhaps as a result of hydrolysis of the
product imine back to arylamine and arylaldehyde.

Table 4.2. Acid screening for reductive imination

NO2

Entry
1
2
3
4
5
6
7

CHO
+

Acid
HCl
HCl
HCl
None
HNO3
H2SO4
CH3CO2H

Fe(0), Acid

N

EtOH / H2O

Amount of Acid
6 eq, 0.19 M
10 eq, 0.30 M
20 eq, 0.60 M
0
6 eq, 0.19 M
6 eq, 0.19 M
6 eq, 0.19 M

Yield (%)
88
90
82
0
77
40
52

Changing the amount of the iron species as well as its oxidation state affects the
efficiency of the reaction (Table 4.3). One equivalent of iron in the reaction mixture
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yielded only starting material. However, when greater than six equivalents of iron is
used only the desired product is observed. It should be noted that when more than 10
equivalents are used the isolation of products is laborious. Such reaction conditions
require the reaction mixture to be centrifuged first prior to gravity filtration.
When Fe0 is replaced with either FeCl2 or FeCl3, no reaction was observed.
Since the reduction of nitroarenes to the corresponding anilines is a six-electron process
in total under these reaction conditions it is not surprising that FeCl3 yields only starting
material. Ferrous chloride is not a strong enough reducing agent to reduce nitrobenzene
to aniline in aqueous acid. The redox couple for Fe3+ to Fe2+ is +0.77 versus SHE while
Fe2+ to Fe0 is -0.447 versus SHE, thus allowing for the reduction in the presence of Fe0
and not Fe2+.14 No attempt was made to identify the iron species at the conclusion of
the reaction, and there is no evidence that chelation of any iron species catalyzed or
inhibited the condensation of the aldehyde and aniline, although we cannot rule out
these possibilities.
Table 4.3. Imine formation between nitrobenzene and benzaldehyde using various iron species and
equivalents.

NO2

Entry
1
2
3
4
5
6

CHO
+

Fe(0), Acid

N

EtOH / H2O

Iron Species
Fe(0)
Fe(0)
Fe(0)
Fe(0)
FeCl2
FeCl3

Equiv.
10
6
1
20
10
10
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Yield (%)
88
69
0
78
0
0

This process provides a facile one pot method for preparing diarylimine form
nitroarenes and aldehydes. A tandem nitroarene reduction and in situ Schiff-base
condensation yields substituted diarylimines in good to excellent yields with no
purification required. This process is facile, inexpensive and environmentally friendly.

4.2.1. Macrocycle Formation by Reductive Imination
Shape persistent macrocycles have become an important class of molecules to
an array of fields including catalysis,15 liquid crystals,16 and supramolecular
chemistry.16-19 By definition these macrocycles are rigid in structure making them ideal
model systems for larger nanostructures.20,21
Imines have become an appealing moiety for shape persistent macrocycles in
part because they are easily synthesized requiring only a minimal number of steps.22,23
Furthermore, incorporation of N heteroatoms into the backbone allows for metal
chelation and in turn the tuning of the physical and optical properties of the system.24
Many synthetic methods have been used to synthesize symmetric and
unsymmetric imine macrocycles. Among the most common strategies employed is an
[n + n] imine condensation between two precursors, one having two formyl groups, and
the other having two amine groups.25-27 Metal templation or hydrogen bonding drives
the formation of macrocycles as opposed to linear oligomers. The orientation of the
diformyl and diamine groups (i.e. ortho, meta, para) dictates the size and geometric
shape of the resulting macrocycle.

Several groups have made triangular,26-28
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rhombodial7,29,30 and hexagonal31,32 imine macrocycles via the [n + n] synthetic
strategy; a triangular macrocycle is shown in Scheme 4.3.

RO

H2N

OR

73

RO
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N
CHCl3/MeCN
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OH HO

reflux

OH

OH
OH
O

74

N

HO

N

N
HO

RO

OH

N

N

RO

OR
OR

75

Scheme 4.3. Macrocycle formation by [n + n] synthetic strategy.

Few imine macrocycles can be traced back to a single fragment that contains
both the amine and the carbonyl moieties.33 This is most likely due to spontaneous
condensation and the formation of oligomers under a wide variety of conditions which
would lead to difficulties in the purification of such a fragment. Difficulties also arise
if the single fragment is produced in situ. For example, many of the methods used to
reduce nitroarenes to the respective anilines are also used to reduce aldehydes to the
primary alcohol.10 Reduction of 123 in the presence of the aldehyde was accomplished
with Fe(0) in acidic EtOH/H2O.

The resulting aniline 160 spontaneously

cyclotrimerizes to form 161 in 56% yield. Although the overall yield is modest, the
yield of each individual imine condensation is on the order of 85%. Furthermore, this
process is clean, yielding only the cyclic trimer and often requires no purification.
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Larger macrocycles and linear oligomers are presumably disfavored under the acidic
conditions due to the reversibility of imine formation; the cyclic trimer is then
presumed to be the thermodynamically favored product. Attempts to monitor this
reaction by in situ IR failed due to the strong vibrational modes associated with the
solvent.

NO2

NH2
N

Fe(0), HCl
CHO

EtOH, H2O

CHO

N

56%
N

123

160
161

Scheme 4.4. Reduction of 123 in by Fe(0) and in situ formation of 161.

Various nitroarene reduction methods to afford the corresponding imines
macrocycles were explored. Hydrogenation of 123 at 65 psi or at atmospheric pressure
gives a complex mixture of products, presumably because of reactivity with both the
nitro and aldehyde moieties as well as reduction of the resulting imines (entries 1 and 2;
Table 4.4). Reduction by first row transition metals or main group metals, however,
gave the desired imine macrocycle 161 in good yields.
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Table 4.4. Methods screened for reduction and in situ macrocycle formation.

NO2
N

Conditions

N

CHO
N

Entry

Reducing Agent

Product

Reference

1

Pd-C, H2 Atmospheric PSI

Complex
Mixture

10

2

Pd-C, H2 65 PSI

Complex
Mixture

10

3

Fe(0), HCl (0.3 M)

23%

13

4

Fe(0), HCl (0.003 M)

56%

13

5

AL, NiCl2 . 6H2O, THF

41%

35

6

Sn, HCl

47%

34

7

Zn, NaOH

Starting
Material

36

8

Zn, HCl

23%

37

Upon treatment of 123 with either Sn and HCl34 or Al and NiCl2•H2O35, 161
was formed in 47% and 41% yields respectively. Although the yields are comparable
to that of the Fe(0) reaction, isolation and purification of 161 was more difficult with
these two methods. Zn reduction of aryl nitro groups has been reported to occur under
both basic and acidic conditions.36 However, reduction of 123 under basic conditions
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returned only starting material while acidic conditions gives the desired macrocycle in
23% after purification.37
Macrocycle 161 is formed at both high and low concentrations of
nitroformylarenes, although the yield of the reactions at 0.3 M is much lower than that
at 0.003 M (entries 3 and 4, Table 4.4). The mere halving of the yield of a macrocyclic
product upon a hundredfold concentration suggests that the imine macrocycle is being
formed under thermodynamic conditions, as might be expected of imines in aqueous
medium.

4.2.2. Conformational Analysis of Imine Macrocycle 161
Macrocycle 161 could adopt four different conformations which are defined by
the location of the three imine protons (Figure 4.1). There are two geometries which
posses C3 symmetry: (H-endo)3, where all three imine protons are located in the interior
of the cavity, and (H-exo)3 with all imine protons facing the exterior of the ring. The
C3 symmetry is broken if one of the imine hydrogens points outside of the cavity while
the other two lie inside, as in the case of (H-endo)2H-exo or if the one protons is found
inside the cavity while the other two are outside the ring as with the H-endo(H-exo)2
geometry.
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H

H
H

N

H

N
H

N

N

N
N

H

161d: (H-exo)3

161c: H-endo(H-exo)2

Figure 4.1. Possible conformations of macrocycle 161.

Both 161b and 161c appear to lie in shallow potential energy wells of higher
energy than either 161a and 161d. Energy minimization of the former conformations
causes interconversion to their respective C3 symmetric counterparts; 161b converts to
161a and 161c converts to 161d. A comparison of the energies of 161a and 161d
shows that 161d is 14.84 kcal/mol higher in energy than 161a (Figure 4.1). This is
most likely due to the unfavorable aryl-aryl steric interactions of the (H-exo)3
orientation. The biaryl dihedral of 161d is 67.2°, which is greater than the 53.6° biaryl
dihedral in 161a. Furthermore, in 161d, the imine C-H bonds are twisted 33.4° out of

152

the plane of the macrocycle, while in 161a they are nearly coplanar with the orthophenylenes and twisted only 1.1°. Both C=N and C-N bond distances are comparable
in 161a and 161d, at 1.28 Å and 1.40 Å, respectively.

Figure 4.2. B3LYP/6-31G* geometries of 161a and 161d.

1

H and

13

C NMR analyses show only one imine resonance at δ 8.37 ppm and

162.29 ppm respectively, suggesting that the macrocycle possess overall C3 symmetry.
NOE signals are observed between the imine hydrogen (Ha) and both sets of aromatic
protons on the para-substituted ring (Hb and Hc, Figure 4.3b, c), which suggests the
presence of H-endo conformations. There is also no observed NOE signal between Ha
and Hc which would be indicative of the (H-exo)3 geometry. Together with the C3
symmetry, these data suggest that 161a is the predominant conformation.
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a)
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Hb
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Ha Hb
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Hd

Hd
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Figure 4.3. a) 1H NMR of 161 in CDCl3 b) NOE signals are observed between the imine hydrogen (Ha) and both sets
of protons located on the para-substituted ring (Hb and Hc). There was no NOE signal observed between Ha and Hd
indicating and H-exo conformation.

Interconversion between 161a to an H-exo configuration (any of 161b, 161c, or
161d) is not observed in CDCl3 on the NMR timescale at room temperature or at
elevated temperatures.

Furthermore one of the para doublets coalesces at lower

temperatures, indicating that free rotation of the para-phenylene units slows below
room temperature. Poor solubility of 161 does not allow for NMR analysis in other
organic solvents. Additionally, we observed a change in chemical shift as a function of
both concentration and temperature. This is suggestive that 161 is aggregating in
CDCl3. Such aggregation has been observed in other phenylene macrocycles.
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4.2.3. Solution Phase Association of 161.
Aggregation in solution was examined by concentration dependent 1H NMR
chemical shift of the imine proton. As described earlier, the observed change in
chemical shift at higher concentrations is attributed face to face interactions between
two molecules which perturbs the ring current of the phenyl rings, thus causing an shift
in the NMR spectra.20 Analysis by this method for 161 between 0.59 mM and 59.0
mM, shows a distinct upfield shift in the chemical resonance of the imine proton from
8.433 ppm for the most dilute sample to 8.379 ppm for the most concentrated sample.
A monomer – dimer model assumes only two species exist in solution at any
given time.20,38 To determine the Kassoc, the observed chemical shift is fitted to Equation
1 where δ is chemical shift at concentration Ct and δm and δd are the chemical shift of
the monomer and dimer in solution. Curve fitting the empirical data yields Kassoc.
⎛
⎜
⎝

δ = δ m + (δ d − δ m )⎜1 +

1 − 8 K assoc C + 1 ⎞
⎟
⎟
4 K assoc C t
⎠

(1)

The monomer – dimer model predicts that the chemical shift would move
further upfield as the concentration of analyte increases (Equation 1; Black line, Figure
4.4). This is not observed for 161. The expected upfield shift occurs during the
concentration regime 0.59 to 0.1 M. At higher concentrations (1.0 mM to 59 mM) this
trend does not continue, as the chemical shift begins to shift back down field, which
may indicate the presence of more than two species in solution at any given time.
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The indefinite association model assesses the chemical shift as a function of the
mole fractions of monomeric macrocycles, macrocycles on the edge of the aggregate,
and macrocycles in the bulk of the aggregate.39 By doing so, this model takes into
account higher order oligomers of various sizes. Curvefitting the concentration
dependent 1H NMR chemical shifts by this method predicts an Kassoc of 1330 M-1. The
strong correlation between the predicted chemical shift by the indefinite association
model and the empirical data suggest that higher order oligomers are present in
solution, although, at this point we do not know the geometric arrangement of the
macrocycles in the aggregate.
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Figure 4.4. Concentration dependant chemical shift of imine proton of 161. Experimentally shifts – red
dot. Black Line – Best fit for dimer model. Blue Line –best fit for indefinite association model.

4.2.4. Macrocycle Reaction Scope
In order to assess the breath of the Fe(0) reductive imination toward macrocycle
formation,

several

nitroformylaldehdyes

were

prepared.

Suzuki-Miyaura

3-

formylphenylboronic acid and 1-iodo-3-nitrobenzene gave the corresponding
nitroformylarene 178 in 84% yield (Scheme 4.5). Compound 179 was prepared in 74%
yield by cross coupling 1-iodo-4-nitrobenzene with 3-formylphenylboronic acid.
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Triflation of 4-nitro-1-naphthol to afforded 181 in 62% yields. Subsequent coupling of
triflate 181 with 2-formylphenylboronic acid under similar condition as before yielded
182 in 74% yield. Alkyne precursor 184 was prepared via Sonogashira coupling of 2bromobenzaldehyde with (triisopropylsilyl)acetylene in 90% yield followed by removal
of the TIPS silyl protecting group by TBAF afforded intermediate the desired
intermediate in 90% yield. Subsequent coupling with 1-iodo-4-nitrobenzene yielded
185 in 81% yield, while coupling with 181 gave 186 in 23% yield after purification by
sublimation. With the difficulty of isolating aldehyde 186 by this method in mind, it
was synthesized by an alternative route.

Cross coupling of 181 with

(triisopropylsilyl)acetylene afforded 187 in modest 65% yield. Silyl deprotection in the
presence of AcOH occurred smoothly (95% yield) and coupling the terminal
ethynylene with 2-bromobenzaldehyde afforded 183 in 56% yield.

Here again,

difficulties were encountered during the purification of 186. However, the alternative
route enabled this compound to be isolated by flash chromatography.
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Scheme 4.5. Nitroaldehyde precursor formation.

159

CHO

Varying the orientations of the functional groups about the precursor framework
(i.e. ortho-para in 161 to meta-meta in 189) does not have a drastic affect on reaction
yield (Scheme 4.6). Macrocycle 161, 189 and 190 all possess C3 symmetry, as is
evident by the simplicity of their 1H NMR spectra. However, attempts to synthesize a
larger C6 hexamer, 193, from precursor 179 produced an insoluble solid that was not be
characterized.

NO2
56%

N

N

NO2

N

61%

N

CHO
CHO

N

N

178

123
161

189

NO2
NO2

N
N

N

N

47%

52%
CHO

CHO

N

N

185

182

190

191
N
N

NO2

NO2
N

N

?

N

0%

CHO

N

CHO

179

N

186

N

192
N

193

Scheme 4.6. Reductive imination of various nitroaldehydes.

160

Not surprisingly, reduction of 182 results in an inseparable mixture of syn-anti
diastereomers of macrocycles 191 (Figure 4.5). Interconversion between syn and anti
diastereomers in CDCl3 or C6D6 does not occur on the NMR time scale even at 75 ºC.
Not surprisingly, these two diastereomers are not separable even by HPLC.
Structural similarities of naphthyl containing macrocycle 191 and binaphthyl is
due to the endo position of the imine proton in 191 and because of the rigidity of the
system (Figure 4.6). Enantiomerically pure binaphthyl will racemize in 68 minutes at
44 °C. Experimentally ∆G‡ for this racemization is 24.1 kcal/mol while
computationally AM1 underestimates the ∆G‡ at 20.1 kcal/mol. Calculations show
similar barrier height for macrocycle 191 (Figure 4.6). Interestingly, it appears that the
imine proton rotates out of the macrocyclic pore prior to rotation of the naphthyl ring.
Another words, the imine proton acts as a gate for the interconversion between PPPsyn-191 and PPM-anti-191.

PPP- Syn - 191

PPM - Anti - 191

Figure 4.5. Above: Edge on view of HF/6-31G(d) minimized structure of PPP-syn-191 and PPM-anti191. (Respective enantiomers not shown) Below: HPLC trace of diasteromeric mixture of 191. HPLC
conditions: 70% THF, 30% H2O, flowrate of 0.1 ml/sec. Observed wavelengths 340 nm.

161

N

N

N

AM1 - TS

22.5 kcal/mol

1.2 kcal/mol

PPP-syn

PPM-anti

Figure 4.6. Above Left: Overlaid two dimensional image of binaphth (red) with 191Calculated transition
state for naphthyl containing macrocycle 191.

Extending the backbone with an alkyne linker affords macrocycle 190 in a
modest 52% yield. Interestingly, a significant downfield shift of 0.80 ppm is observed
in the 1H NMR for the imine proton in 190 when compared to 161. This is attributed to
a weak aromatic ring current arising from the [4n + 2] π-electron circuit present and is
consistent

with

other

conjugated

shape

persistent

macrocycles,

namely

dehydrobenzo[n]annulenes.40,41
Macrocycles 161 and 189 show similar absorption spectra to that of
bistolylimine, 194, with two λmax at 274 and 321 nm (Table 4.5, Figure 4.7).
Macrocycle 189 also displays greater molar absorptivity than 161 or 194 due to the
restricted planarity of the biphenyl moiety. Interestingly the diastereomeric mixture of
191 shows two λmax at 297 and 346 as well as a short wavelength shoulder at 250 nm.
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Not surprisingly 191 and 190 displays longer wavelength absorptions compared to 161,
which can be attributed to the extended conjugation of the naphthyl moiety or ethynyl
backbone, respectively.

Table 4.5. UV-vis absorption of phenylene imine macrocycles

Compound
194
161
189
191
190

268 (10200)
246 (9100)
246 (15000)
250 (20200)
276 (4000)

λabs (ε)
323 (7600)
275 (3100)
268 (8700)
297 (6500)
301 (1200)

317 (5100)
300 (7400)
346 (8100)
342 (5100)

25000
N
N

20000

N

161

N

N

189

N

N

N

Absorbance (mol-1 cm-1)

N

15000

191

N

N
N

194

190

10000
N

5000

0
240

290

340

390
Wavelength (nm)

Figure 4.7. Normalized UV-vis Absorption for imine macrocycles.
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440

490

4.3. Conclusion and Future Directions
Diarylimine and phenylene imine macrocycles have been prepared by a simple
and environmentally friendly reductive imination procedure. This methodology uses
only Fe(0) in acidic EtOH/H2O as a reductant for nitroarenes, which upon reduction
spontaneously condense with an aldehyde in situ.
Large rigid PAH systems are notorious for being insoluble in typical organic
solvents. Derivatization of these systems with alkyl side chains has been shown to
increase solubility of these in array of solvents and thus increases the utility of these
materials. In addition, structurally similar with ethynylene macrocycle 14, could allow
for exploring how polarity within the macrocyclic backbone effects aggregation of
these macrocycles
Iodination of 3-hydroxybenzaldehye occurred smoothly in 87% yield to produce
aryl iodide 196. Coupling of 4-nitrophenylboronic acid and 196 failed under traditional
Suzuki coupling conditions. When a biphenyl phosphene ligand is introduced, the
reaction proceeds smoothly in THF at 80 °C in a sealed vessel to produce the desired
biaryl 197 in 96% yield. Functional group manipulation of the phenol yields an alkoxy
(198), phenolic ester (199) or the corresponding triflate (200). 200 is of particular
interest since several Pd-coupling reactions can be performed using this substrate,
including Sonogashia coupling with 1-octyne to afford 201. Reduction of 197 and 198,
by Fe(0) affords only an insoluble red material that does not give a mass ion by in its
MALDI-TOF spectrum.
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C6H13

Scheme 4.7. Route to side chain derivatized phenylene imine macrocycle

In addition to aggregation studies, side chain functionalized phenylene imine
macrocycles would allow for further derivatization by increasing solubility. Three fold
conversion of 189’s imine moieties to pyrroles would extend the two dimensional
macrocyclic network into three dimensions (Figure 4.8). This regioselective method
uses low-valent titanium to couple 1,3 diketones with imines. Reaction of 189 with
203, yields a highly fluorescent spot that is observed by TLC. In addition, 1H NMR
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shows that 189 was consumed by the disappearance of the imine resonance. MALTITOF analysis of the crude reaction yields a small parent peak corresponding to the
desired product. Unfortunately, isolation of this material has been futile.

Ph
TiCl4, Sm,
THF

N

O

N

CF3

O

202

CF3

204

203

N
TiCl4, Sm,
THF
N

O

O
CF3

3 eq

N

203
189

205

Scheme 4.8. Pyrrole ring formation would form a three dimensional polyaromatic network from imine
macrocycles
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4.4. Procedures and Experimentals
All solvents were obtained from Aldrich Chemical Company, Acros Organics,
Fischer Scientific, or Cambridge Isotope Laboratories (deuterated solvents).
Distillation of solvents was performed under an inert atmosphere from either sodium
metal or calcium hydride. Silica gel used in chromatography was standard grade (60 Å),
alumina was neutral Brockmann I (58 Å). 1H and 13C NMR were recorded on either a
Bruker or Varian 500 MHz NMR.

UV-Vis spectra were recorded on a Cary-14

spectrometer, IR spectra on a Thermo Nicolet 200 spectrometer with ATR adapter with
neat sample.

Right angle fluorescence spectroscopy was carried out on a Photon

Technology International fluorometer. Geometry optimization was performed on the
Gaussian 03 software package43 with the B3LYP DFT method on the 6-31G basis set.

N

N-benzylidenebenzenamine (162): 1H NMR: (CDCl3, 500 mHz) δ 8.48 (s, 1H), 7.957.93 (m, 2H), 7.51-7.49 (m, 3H), 7.43 (t, J = 8.5 Hz, 2H), 7.28-7.24 (m, 3H).

N

4-methyl-N-(4-methylbenzylidene)benzenamine (163): 1H NMR: (CDCl3, 500 mHz)
δ 8.45 (s, 1H), 7.82 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H), 7.22 (d, J = 8.0 Hz,
2H), 7.17 (d, J = 8.5 Hz, 2H), 2.44 (s, 3H), 2.39 (s, 3H).
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N

N-(4-methylbenzylidene)benzenamine (164): 1H NMR: (CDCl3, 500 mHz) δ 8.45 (s,
1H), 7.83 (d, J = 8.0 Hz, 2H), 7.42 (t, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.267.24 (m, 3H), 2.45 (s, 3H).

MeO

N

N-benzylidene-4-methoxybenzenamine (165): 1H NMR: (CDCl3, 500 mHz) δ 8.50 (s,
1H), 7.92-7.91 (m, 2H), 7.49-7.47 (m, 3H), 7.26 (d, J = 8.0 Hz, 2H), 6.96 (d, J = 9.0,
2H), 3.85 (s, 3H).

Ac

N

1-(4-(benzylideneamino)phenyl)ethanone (166): 1H NMR: (CDCl3, 500 mHz) δ 8.43
(s, 1H), 8.00 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 8.5 Hz, 2H), 7.79 (d, J = 8.5 Hz, 2H), 7.54
– 7.49 (m, 4H), 7.24 (d, J = 8.0 Hz, 2H), 6.64 (d, J = 8.5 Hz, 2H), 2.61 (s, 3H).

CO2Me

N

Methyl 4-(benzylideneamino)benzoate (167): 1H NMR: (CDCl3, 500 mHz) δ 8.44 (s,
1H), 8.08 (d, J = 8.5 Hz, 2H), 7.92 (d, J = 6.5 Hz, 2H), 7.51-7.49 (m, 3H), 7.21 (d, J =
8.0 Hz, 2H, 3.93 (s, 3H).
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I

N

4-Iodo-N-(4-methylbenzylidene)benzenamine (168): 1H NMR: (CDCl3, 500 mHz) δ
8.38 (s, 1H), 7.79 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H),
6.97 (d, J = 9.0 Hz, 2H), 2.43 (s, 3H).

N
OMe

N-(4-methoxybenzylidene)benzenamine (169): 1H NMR: (CDCl3, 500 mHz) δ 8.40
(s, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.40 (t, J = 9.0 Hz, 2H), 7.24 (m, 3H), 7.00 (d, J = 8.5
Hz, 2H), 3.89 (s, 3H)

N
CF3

N-(4-(trifluoromethyl)benzylidene)benzenamine (170) 1H NMR: (CDCl3, 500 mHz)
δ 8.53 (s, 1H) 8.04 (d, J = 8.0 Hz, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.75 (d, J = 8.0 Hz,
2H), 7.43 (t, J = 7.5 Hz, 2H), 7.53 (d, J = 7.0 Hz, 2H) 7.26 (d, 2H).

NO2

CHO

5’-nitrobiphenyl-3-carbaldehyde (178) An oven dried 50 ml round bottom flask
containing magnetic stir bar was charged with 1-iodo-3-nitrobenzene (1.009 g, 4.05
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mmol, 1.00 equiv), 3-formylphenylboronic acid (0.674 g, 4.49 mmol, 1.11 equiv) and
Cl2Pd(PPh3)2 (0.152 g, 0.217 mmol, 0.054 equiv). The flask was purged with N2 and
20 ml of deoxygenated DMSO was added. The reaction was further deoxygenated via
N2 bubbling for an additional 5 minutes before 4 ml of deoxygenated 2 M Na2CO3 was
added via syringe. The reaction was heated to 80°C for 16 hours. Upon completion,
the reaction was cooled to room temperature and diluted with ice water. The resulting
emulsion was extracted with EtOAc (3 x 50 ml) and the organics were washed with
saturated NH4Cl (3 x 75 ml). The organic layer was dried over MgSO4, filtered and
concentrated in vacuo. The crude material was purified via flash chromatography using
10% EtOAc in hexanes to give the desired product as a yellow solid in 84% yield. 1H
NMR: (CDCl3, 500 mHz): δ 10.12 (s, 1H), 8.50 (t, J = 2.0 Hz, 1H), 8.26 (dd, J = 8.0,
1.4 Hz, 1H), 8.15 (s, 1H), 7.98 – 7.95 (m 2H), 7.91 (d, J = 9.0 Hz, 1H), 7.71 – 7.66 (m,
2H);

13

C NMR (CDCl3, 125 mHz): δ 192.5, 149.5, 142.1, 140.4, 137.9, 133.8, 133.6,

130.8, 130.7, 128.6, 123.5, 122.7; IR (neat, cm-1): 1694, 1520, 1340. HRMS (ESI) m/z:
calc’d for C13H10NO3 ([M + H]): 228.0672; found, 228.0659.

NO2

CHO

4'-nitrobiphenyl-3-carbaldehyde2 (179): A 50 ml round bottom flask was charged
with p-iodonitrobenzene (1.001 g, 4.02 mmol 1.00 equiv), 3-formylphenylboronic acid
(0.741 g, 4.94 mmol, 1.23 equiv), Cl2Pd(PPh3)2 (0.161 g, 0.229 mmol 0.057 equiv) and
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a magnetic stirbar. 20 ml of freshly deoxygenated DMSO was added followed by 4 ml
of 2 M aqueous Na2CO3. The reaction was stirred at 80 °C for 18 hours after which
point it was diluted with 50 ml of H2O and extracted with 3 x 30 ml of EtOAc. The
organic layers were combined and washed with H2O and dried over MgSO4. The crude
material was purified by flash chromatography using 10% EtOAc in hexanes as eluent
to give 0.671 g (74%) of the desired product was isolated as a yellow solid. 1H NMR:
(CDCl3, 500 mHz): δ 10.11 (s, 1H), 8.33 (dt, 2H) 8.14 (s, 1H), 7.96 (d, J = 8.0 Hz, 1H),
7.91 (d, J = 8.0 Hz, 2H) 7.79 (d, J = 8.5 Hz, 2H), 7.70 (t, J = 7.5 Hz, 1H); 13C NMR
(CDCl3, 125 mHz): δ 192.5, 148.3, 146.7, 140.4, 137.9, 133.8, 131.0, 130.7, 129.1,
128.7, 1245.0. IR (neat, cm-1): 1688, 1495, 1327, 849, 745,

NO2

OTf

4-nitronaphthalen-1-yl trifluoromethanesulfonate (181): 4-nitro-naphthol (2.011 g,
10.6 mmol, 1.00 equiv) was dissolved in 15 ml of distilled CH2Cl2 and cooled to 0°C.
To this stirred solution, Et3N (4.4 ml, 31.9 mmol, 3.01 equiv) was added via syringe
followed by freshly distilled Tf2O (2.7 ml, 16.3 mmol, 1.54 equiv). The reaction was
stirred for 30 minutes at 0 °C and an additional 30 minutes at room temperature after
which point it was diluted with 20 ml of saturated NaHCO3. The organic layer was
extracted and washed with 2 x 20 ml of brine followed by 2 x 20 ml of H2O. The
organics were dried over MgSO4 and crude material was purified by flash
chromatography to afford 2.206 g (62%) of the desired product as a yellow solid. 1H
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NMR: (CDCl3, 500 mHz): δ 8.59 (dd, J = 8.5, 2.5 Hz, 1H), 8.23 (dd, J = 8.8, 3.5 Hz,
1H), 8.21 (d, J = 8.5 Hz, 1H), 7.88 – 7.80 (m, 2H), 7.58 (dd, J = 8.4, 3.3 Hz, 1H); 13C
NMR (CDCl3, 125 mHz): δ 149.2, 146.7, 131.5, 130.0, 127.8, 127.3, 124.3, 122.2,
120.6, 118.1, 117.2; IR (neat, cm-1): 1533, 1422, 1210, 1134.

NO2

O

2-(4-nitronaphthalen-1-yl)benzaldehyde (182) A 25 ml round bottom flask was
charged with 2-formylphenylboronic acid (0.4923 g, 3.28 mmol, 1.00 equiv), 181
(1.3001 g, 4.04 mmol, 1.23 equiv), Cl2Pd(dppf) (0.142 g, 0.174 mmol, 0.053 equiv) and
a magnetic stirbar. To this 8 ml of benzene, previously deoxygenated by N2 bubbling,
was added followed by 8 ml of deoxygenated 2 M aqueous Na2CO3. The reaction was
heated at 80 °C for 15 hours before being diluted with 25 ml of H2O. The organics
were extracted with 3 x 25 ml of EtOAc, washed with 2 x 25 ml of H2O and dried over
MgSO4. Crude material was purified by flash chromatography using 10% EtOAc in
hexanes to yield 0.6741 g (74%) of the desired product as a pail yellow solid.

1

H

NMR: (CDCl3, 500 mHz): δ 9.63 (s, 1H), 8.64 (d, J = 8.9 Hz, 1H), 8.28 (d, J = 8. 28
Hz, 1H), 8.15 (d, J = 7.7 Hz, 1H) 7.78 – 7.74 (m, 2H), 7.69 (t, J = 7.4 Hz, 1H), 7.57 (d,
J = 3.4 Hz, 1H), 7.52 (d, J = 7.8 Hz, 1H), 7.43 (d, J = 7.4 Hz, 1H); 13C NMR (CDCl3,
125 mHz): δ 190.8, 146.8, 142.7, 141.9, 134.5, 133.9, 133.7, 131.2, 129.5, 129.2,
128.2, 128.1, 126.7, 126.2, 125.0, 123.4, 122.8; IR (neat, cm-1): 1698, 1594, 1508,
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1334, 761. HRMS (ESI) m/z: calc’d for C17H12NO3 ([M + H]): 278.0829; found:
278.0820.

NO2

O

2-((4-nitrophenyl)ethynyl)benzaldehyde3 (185) 2-ethynylbenzaldehyde (184) (0.943
g, 7.25 mmol, 1.00 equiv), 1-iodo-4-nitrobenzene (2.181g, 8.76 mmol, 1.21 equiv) and
Cl2Pd(PPh3)2 (0.251 g, 0.357 mmol, 0.049 equiv) were dissolved in 20 ml of
deoxygenated THF and 20 ml of deoxygenated Et3N.

The solution was further

deoxygenated via N2 bubbling before CuI (0.044 g, 0.231 mmol, 0.032 equiv) was
added. The reaction was stirred at room temperature for 14 hours before being diluted
with 50 ml of H2O and extracted with EtOAc (2 x 35 ml). The organics were washed
with saturated NH4Cl (2 x 30 ml), dried over MgSO4, filtered and concentrated in
vacuo. Crude material was purified by flash chromatography using 10% EtOAc in
hexanes and yielded 1.445 g (80%) of the desired product as a white solid. 1H NMR:
(CDCl3, 500 mHz): δ 10.61 (s, 1H), 8.27 (d, J = 9.3 Hz, 2H), 8.00 (d, J = 7.9 Hz, 1H),
7.74 – 7.69 (m, 4H), 7.57 (t, J = 8.0 Hz, 1H);

13

C NMR (CDCl3, 125 mHz): δ 191.5,

148.2, 139.3, 136.8, 134.6, 134.2, 133.1, 130.3, 129.8, 128.6, 125.8, 125.5, 124.4, 94.5,
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90.7; IR (neat, cm-1): 1695, 1520, 1343, 859, 751. HRMS (ESI) m/z: calc’d for
C15H10NO3 ([M + H]): 252.0672; found, 252.0660.

NO2

TIPS

triisopropyl((4-nitronaphthalen-1-yl)ethynyl)silane

(187):

Triisopropylsilyl)acetylene (1.40 ml, 9.44 mmol, 1.70 equiv), Cl2Pd(PPh3)2 (0.191 g,
0.272 mmol, 0.050 equiv) and CuI (0.049 g, 0.257 mmol, 0.047 equiv) were added to 5
(1.737 g, 5.41 mmol, 1.00 equiv) in 20 ml of THF and 20 ml of Et3N. The solution was
heated to 70 °C for 18 hours and checked for disappearance of starting material by TLC
(5% EtOAc in hexanes). Reaction was diluted with 10 ml of sat. NH4Cl and extracted
with diethyl ether (2 x 25 ml). The organics were washed with sat. NH4Cl, dried over
MgSO4, filtered and concentrated in vacuo.

Crude residue was purified by flash

chromatography using 5% EtOAc in hexanes to yield the desired product in 65% (1.240
g) as a brown oil. 1H NMR: (CDCl3, 500 mHz): δ 8.55 – 8.51 (m, 2H), 8.14 (d, J = 8.0
Hz, 1H), 7.74 – 7.69 (m, 3H), 1.23 (s, 21H);

13

C NMR (CDCl3, 125 mHz): δ 146.7,

130.3, 129.6, 129.4, 129.2, 129.1, 127. 7, 125.7, 124.1, 123.9, 104.1, 102.4, 19.4, 12.1;
IR (neat, cm-1): 2943, 2863, 2055, 1524, 1337.
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NO2

1-ethynyl-4-nitronaphthalene (188): AcOH (0.050 ml, 0.85 mmol, 1.02 equiv) was
added to 187 (0.296 g, 0.837 mmol, 1.00 equiv) in 10 ml of THF. TBAF (0.95 ml, 0.95
mmol, 1.14 equiv) was added by syringe over a five minutes period at room
temperature.

The reaction was monitored by TLC for disappearance of starting

material. After approximately ten minutes the reaction as concentrated in vacuo and
crude residue was purified by flash chromatography using 5% EtOAc in hexanes to
yield 0.161 g (90%) of the desired product as a yellow solid. 1H NMR: (CDCl3, 500
mHz): δ 8.53 (d, J = 8.0 Hz, 1H), 8.47 (d, J = 8.0 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H),
7.73 – 7.68 (m, 2H), 3.72 (s, 1H); 13C NMR (CDCl3, 125 mHz): δ 147.2, 135.1, 130.5,
130.0, 129.0, 127.5, 127.2, 125.6, 124.1, 123.6, 87.0, 81.0; IR (neat, cm-1): 3246, 2100,
1508, 1327.

NO2

CHO

2-((4-nitronaphthalen-1-yl)ethynyl)benzaldehyde (186): An oven dried 50 ml round
bottom flask was charged with 2-bromobenzaldehyde (0.16 ml, 1.37 mmol, 1.00
equiv), Cl2Pd(PPh3)2 ( 0.052 g, 0.074 mmol, 0.054 equiv, CuI (0.017 g, 0.089 mmol,
0.065 equiv), 15 ml of deoxygenated THF and 15 ml of deoxygenated Et3N. 9b (0.300
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g, 1.52 mmol, 1.11equiv) was added to the reaction mixture in 10 ml of deoxygenated
THF and heated to 75 °C for 18 hours. The reaction was diluted with sat. NH4Cl and
extracted with diethyl ether (2 x 50 ml). The organics were washed with sat. NH4Cl
(50 ml) followed by of water (50 ml) and dried over MgSO4. The crude material was
purified by flash chromatography using hexanes (1.5 L) followed by 5% EtOAc in
hexanes to give the desired product in 56% (0.256 g) as a yellow solid.

1

H NMR

(CDCl3, 500 mHz): δ 10.70 (s, 1H), 8.62 – 8.59 (m, 2H), 8.23 (d, J = 8.0 Hz, 1H), 8.03
(d, J = 7.5 Hz, 1H), 7.87 (d, J = 7.5 Hz, 1H), 7.83 – 7.77 (m, 3H), 7.70 (t, J = 7.5 Hz,
1H), 7.59 (t, J = 8.0 Hz, 1H);

13

C NMR (CDCl3, 125 mHz): δ 191.6, 147.3, 136.8,

134.8, 134.8, 134.6, 134.5, 130.6, 130.3, 129.7, 129.3, 129.2, 127.6, 127.5, 125.9,
125.8, 124.3, 123.9, 94.7, 93.3; IR (neat, cm-1): . HRMS (ESI) calc’d for C19H12NO3
([M + H]): 32.0829; found, 302.0818.

Reductive Imination General Methods
Method A: To a stirred suspension of 1 mmol of nitroformylarene in EtOH / H2O (2:1
v/v, 0.003 M with resprect to nitroformylarene) was added 10 mmol of Fe powder
followed by 6 mmol of HCl. The reaction was stirred for 1.5 hours at 75 °C prior to
being filtered hot. The filtrate was diluted with H2O and extracted with EtOAc. The
organics were combined and washed with H2O, dried over MgSO4 and concentrated in
vacuo to afford the desired macrocyclic product.
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Method B: To as stirred suspension of 0.220 mmol of nitroformylarene in 1 ml of 95%
EtOH was added 10 mmol of Sn and 0.70 ml of 8.5 M HCl. The reaction was heated
for 1.5 hours prior to being diluted with 15 ml of H2O and neutralized using saturated
NaHCO3. The resulting residue was extracted using EtOAc 3x 25ml. The organics
were combined, washed with water, dried over Na2SO4, filtered and concentrated in
vacuo. The crude material was purified via column chromatography using CH2Cl2 to
give the macrocyclic products.

Method C: 1 mmol of nitroformylarene was dissolved in 10 ml of THF. To this 33
mmol of Al powder and 50 mmol of NiCl2.6H2O were added. The reaction stirred at
room temperature and monitored by TLC. After 2 days the reaction was diluted with
diethyl ether and passed through a pad of silica gel. The mother liquor was dried over
MgSO4 and concentrated in vacuo to give macrocyclic product without further
purification.

N

N

N

Cyclotri(2-phenylbenzylideneamine-N,4’-diyl) (161): Reduction of 123 by Method A
gave the desired product in 56% yield.

1

H NMR (CDCl3, 500 mHz): δ 8.39 (s, 1H),

8.34 (d, J = 7.5 Hz, 1H), 7.59 (t, J = 8.5 Hz, 1H), 7.54-7.51 (m, 2H), 7.37 (d, J = 8.5
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Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H); 13C NMR (CDCl3, 125 mHz): δ 162.3, 153.6, 144.7,
137.2, 133.9, 132.0, 131.6, 130.8, 128.6, 127.8, 127.8, 121.4; IR (neat, cm-1): 2892,
1617, 1593, 1266. HRMS (FAB) m/z: calc’d for C39H27N3Li ([M + Li]): 544.2365;
found, 544.2359.

N

N

N

Cyclotri(3-phenylbenzylideneamine-N,3’-diyl) (189): Reduction of 179 gme the
desired product as a tan solid, 61% by Method A. Analytical samples were prepared by
sonicating a saturated sample of x in 0.75 ml of CDCl3 for 5 minutes, followed by
filtration through a 0.2 um PTFE syringe filter. 1H NMR (CDCl3, 500 mHz): δ 8.86 (s,
1H), 8.50 (s, 1H), 8.00 (d, J = 7.7 Hz, 1H), 7.88-7.85 (m, 2H), 7.64 (d, J = 7.5 Hz, 1H),
7.61 (t, J = 7.7 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.42 (d, J = 7.1 Hz, 1H). 13C (HMQC
crosspeaks): δ 160.1, 129.7, 129.4, 129.2, 128.4, 127.3, 124.4, 120.6, 120.5. HRMS
(ESI) m/z: calc’d for C39H28N3 ([M + H]): 538.2295; found: 538.2286.
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N

N

N

Cyclotri(2-naphthylbenzylideneamine-N,4’-diyl) (191):

Reduction of 182 by

method A yielded 13 in 47% as an inseparable diastereomeric mixture with a complex
1

H NMR spectra that was not assigned. 1H NMR (CDCl3, 500 mHz): δ 8.64 – 8.62 (m),

8.58 – 8.54 (m), 8.42 – 8.41 (m), 8.34 (d, J = 8.0 Hz), 8.15 (s), 8.10 (s), 8.05 (d, J = 8.0
Hz), 8.04 (s), 7.92 (s), 7.82 – 7.80 (m), 7.66 – 7.38 (m), 7.30 (d, J = 8.0 Hz), 7.13 (d, J
= 7.5 Hz), 7.09 (d, J = 7.5 Hz), 7.06 (d, J = 7.5 Hz), 6.67 (d, J = 7.5 Hz), 6.64 (d, J
= 7.5 Hz), 6.60 (d, J = 7.5 Hz), 6.16 (d, J = 7.0 Hz). 13C NMR (CDCl3, detected by
HMQC): δ 161.7, 161.5, 161.2, 159.9, 132.6, 132.3, 131.8, 131.3, 131.1, 130.8, 130.4,
128.7, 128.6, 128.3, 128.3, 128.2, 128.1, 127.9, 127.7, 127.5, 127.2, 127.0, 126.8,
126.7, 126.6, 126.5, 126.3, 125.1, 125.0, 124.8, 113.2, 113.1, 112.8, 112.7. IR (neat,
cm-1): 2914, 2848, 1619, 1597, 1264, 764. HRMS (ESI) m/z: calc’d for C51H34N3 ([M +
H]): 688.2764, found 688.2729.

179

N
N

N

Cyclotri(2-(2-phenyl)ethynylbenzylideneamine-N,4’-diyl) (190): Yellow solid, 52%
via Method A. Analytical samples were prepared by sonicating a saturated sample of
190 in 0.75 ml of CDCl3 for 5 minutes, followed by filtration through 0.2 um PTFE
syringe filter. 1H NMR (CDCl3, 500 mHz): δ 9.18 (s, 1H), 8.32 (d, J = 7.4 Hz, 1H),
7.69 – 7.61 (m, 3H), 7.52 – 7.46 (m, 2H), 7.33 (d, J = 8.0 Hz, 2H); 13C NMR (CDCl3,
detected by HMQC) δ 159.5, 132.8, 131.3, 128.8, 126.5, 121.6; IR (neat, cm-1): 2961,
2211, 1625, 1578, 1258, 1014. HMRS (ESI) calc’d for C45H28N3 ([M + H]): 610.2266,
Found 610.2266.

I
CHO

OH

5-hydroxy-2-iodobenzaldehyde (196): A flask containing 3-hydroxybenzaldehyde
(7.046 g, 57.2 mmol, 1.00 equiv), in 70 ml NH4OH was charged with an addition
funnel containing I2 (16.021 g, 63.1 mmol, 1.10 equiv), KI (31.300 g, 188.5 mmol, 3.30
equiv) in 112 ml of H2O. The I2/KI solution was added dropwise over 30 minutes and
for an additional 30 minutes after addition was complete. The solution was acidified to
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using concentrated HCl and extracted with EtOAc (3 x 75 ml). The organic layer was
washed with saturated Na2SO3 (aq) and dried over MgSO4 before being filtered and
concentrated in vacuo. The crude material was purified by stirring in hot petroleum
ether and toluene (1:1 v/v) and filtered to afford the desired product in 76% yield as a
brown solid. 1H NMR (CDCl3, 500 mHz): δ 9.94 (s, 1H), 7.88 (d, J = 8.0 Hz, 1H), 7.45
(s, 1H), 7.20 (dd, J = 8.0, 1.8 Hz, 1H), 5.53 (s, 1H)

NO2

CHO

OH

4-hydroxy-4’-nitrobiphenyl-2-carboxaldehyde (197): A 10 ml sealed tube flask was
charged with X (0.841 g, 3.39 mmol, 1.00 equiv), 4-nitrophenylboronic acid (0.901 g,
5.39 mmol 1.60 equiv), Pd(OAc)2 (0.054 g, 0.241 mmol, 0.070 equiv) KF (0.711 g,
12.2 mmol, 3.60 equiv) and 2-(di-t-butylphosphino)biphenyl (0.041 g, 0.137 mmol,
0.040 equiv). 5 ml of THF was added before the atmosphere was removed carefully, to
avoid bumping, under high vacuum. The reaction was heated for 24 hours at 80 °C
before being cooled and made basic using ca. 5M NaOH (aq). The reaction was
extracted using EtOAc and the aqueous layer was acidified using concentrated HCl. A
second extraction using EtOAc/EtOH (50:1 v/v) afforded the desired product in 95%
yield upon filtration and concentration in vacuo. 1H NMR (CDCl3 500 MHz): δ 10.00
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(s, 1H), 8.30 (d, J = 9.1 Hz, 2H), 7.94 (d, J = 9.2 Hz, 2H), 7.63 (d, J = 8.2 Hz, 1H), 7.27
(d, 1H, overlaps with solvent); IR (neat, cm-1): 3129, 1663, 1597, 1508, 1343, 792.

NO2

CHO

O
8

4'-nitro-4-(nonyloxy)biphenyl-2-carbaldehyde (198): Biaryl phenol (0.101 g, 0.417
mmol, 0.525 equiv) was dissolved in 10 ml of DMSO before NaOH (0.021 g, 0.525
mmol, 1.22 equiv) was added. The reaction stirred at room temperature for 1 hour
before 1-bromononane (0.16 ml, 0.623 mmol, 1.5 equiv) was added. The reaction was
heated to 65 °C for 17 hours. It was then cooled, diluted with H2O and extracted with
Et2O (3 x 30 ml).

Organics were washed with sat. Na2SO4, (aq), filtered and

concentrated in vacuo to give the desired compound in 91% yield.

1

H NMR (CDCl3

500 MHz): δ 10.03 (s, 1H), 8.28 (d, J = 8.5 Hz, 2H), 7.73 (d, J = 8.5 Hz, 2H), 7.56 –
7.50 (m, 3 H), 3.64 (t, J = 5.5 Hz, 2H), 1.39 – 1.26 (m, 11H), 0.89 – 0.86 (m, 5H)
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NO2

CHO

O
O

8

2-formyl-4'-nitrobiphenyl-4-yl octanoate (199): Biaryl phenyl (0.099 g, 0.409 mmol,
1.00 equiv) was dissolved in 10 ml of dry pyridine and cooled to 0 °C. The acid
chloride (0.11 ml, 0.642 mmol, 1.60 equiv) was added in three portions and the reaction
was allowed to warm to room temperature and stir for 17 hours. It was then diluted
with H2O and extracted with Et2O (3 x 25 ml). The organics were washed with sat.
NH4Cl (aq) and water before being dried over Na2SO4, filtered and concentrated in
vacuo. The desired product was isolated in 91% yield with no purification. 1H NMR
(CDCl3 500 MHz): δ 10.06 (s, 1H), 8.30 (d, J = 7.0 Hz, 2H) 7.87 (d, J = 6.5 Hz, 1H),
7.70 (s, 1H) 7.63 (d, J = 9.0 Hz, 2H), 7.58 (d, J = 7.5 Hz, 1H), 2.41 – 1.33 (m, 3H),
1.66 – 1.51 (m, 4H) 0.91 – 0.85 (m, 6H).
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